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Chapter

Failure Mechanism and Property
Modification of Insulation
Material Used in Inverter-Fed
Motors

Yan Yang and Guangning Wu

Abstract

The insulation system of inverter-fed motors is subjected to repetitive impulse
voltages, which are generated by pulse width modulation (PWM) converters, and is
expected to withstand partial discharge (PD) activity during service. PD-induced
dielectric breakdown becomes one of the most important reasons for premature
failures of motor insulation. Therefore, the dielectric properties of insulation
material used in inverter-fed motors need to be improved to meet the requirement
for rapid development of applications. Many approaches have been proposed to
improve dielectric properties of insulation material used in inverter-fed motors. In
this chapter, we will discuss the failure mechanism, modification approaches, and
their effects on dielectric properties of insulation material of inverter-fed motors.

Keywords: inverter-fed motors, insulation material, failure mechanism, modification

1. Introduction

The insulation system of inverter-fed motors is subjected to repetitive impulse
voltages that are generated by pulse width modulation (PWM) converters. For
high-voltage motors with the rated voltage value greater than 700 V, which also be
called as Type II motors, partial discharges (PD) may occur in all insulation systems
during operation, but breakdown due to high-voltage endurance may not occur.
The insulation materials are expected to withstand partial discharge (PD) activity
during service. Under repetitive impulse voltages, accelerating of insulation dete-
rioration would be caused [1]. PD-induced dielectric breakdown is one of the most
important reasons for premature failures of motor insulation [2, 3]. In inverter-fed
motors, most insulation failures are originated from the non-homogeneous distri-
bution of voltage along the stator windings and are closely related with the short
rise time and high frequency of the repetitive impulse voltages [4].

Polyimide (PI) is used as an insulating material for turn-to-turn insulation
of inverter-fed traction motors because of its excellent electrical, thermal, and
mechanical characteristics [1, 5]. Therefore, the dielectric properties of PI films still
need to be improved to meet the requirement for rapid development of industry
application [6, 7], especially for PD-dependent lifetime under repetitive impulse
voltages. Many approaches have been proposed to improve PD-dependent lifetime of
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PI films. One effective approach is synthesizing PI/inorganic nanocomposites [8-11].
Polymer nanocomposites consisting of nanoparticles allow for a large tunability

of the dielectric properties by varying the identity and content of nanoadditives.
Moreover, lifetime under repetitive impulse voltages is much more closely related to
the surface characteristics of PI films, for the degradation is always initiated from
surface partial discharge, which is mainly caused by surface charge accumulation
and local field enhancement, due to the mismatching of surface charge dissipation
and voltage reversion [12-14]. Therefore, surface modification would be another
effective approach to improve the lifetime of PI films under repetitive impulse volt-
ages, by modifying the surface characteristics.

To provide a comprehensive understanding to this topic and to clarify the
emerging problems, we review the recent progress in the failure mechanism and
property modification of insulation material used in inverter-fed motors. Particular
attention is paid on PD-dependent lifetime improvement under repetitive impulse
voltages of PI films.

2. Failure mechanism of insulation material used in inverter-fed motors
2.1 Electrical stresses in inverter-fed motors

A typical schematic diagram and output waveform of inverter-fed traction
motors used in high-speed railways are shown in Figure 1 [5]. Different from
traditional alternating current (AC) motors stressed by the sinusoidal (50 or 60 Hz)
voltages, the insulation systems of inverter-fed motors are exposed to transient
surge voltages with steep fronts generated by the switching of insulated gate bipolar
transistor (IGBT) [6]. Besides, there are other factors that cause PDs, including
overvoltage caused by impedance mismatch (between supply cable and motor)
and uneven potential distribution could induce partial discharge (PD) in stator
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Figure 1.

Schematic diagram and output waveform of an inverter [5].
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Figure 2.
Typical PD positions in the inner stator slot of an inter-fed motor [18].

insulation systems [15-17]. For Type II motors, formed windings are used in which
the preformed coils are uniformly layered with rectangular section conductors.
Form the typical cross section image of stators slot as shown in Figure 2 [18], it can
be inferred that PDs are easily occur from the sharp point of conductor, discontinu-
ity coating, and voids formed during manufacture.

2.2 Failure mechanism under repetitive impulse voltage

Hereinafter, we will explain failure mechanism under repetitive impulse voltages
though the investigation of the aging process and PD characteristics of turn-to-turn
insulation of coils under repetitive impulse voltages [5]. In order to simulate the insu-
lation structure of coils of an inverter-fed motor, the turn insulation specimens were
manufactured according to the standard IEC 60034-18-42. In laboratory, bipolar
repetitive square impulse voltages are used to take the place of pulse width modulated
(PWM) voltage, with adjustable parameters such as amplitude, repetition frequency,
and rising time. As bipolar repetitive square impulse voltages were adopted as the
testing voltage, one cycle of test time is divided into 360°, and thus, we can analyze
PD signals as they can be measured under AC power frequency voltage.

PD characteristics of turn insulation specimens were investigated, with the
specimens be aged for 20, 60, and 100 h, respectively. Phase distribution of the
discharge numbers and amplitude of PD pulses is shown in Figure 3 [5]. Most of
PD pulses appear next to the rising edge and the falling edge of square wave with a
narrow distribution range from about 3 to 23° and 180 to 200°. PD pulses are rarely
present during the flat region of repetitive square impulse voltages. This phase dis-
tribution characteristic is quite different from the PD characteristics under power
frequency. The phase distribution appears widening tendency with the increase
of aging time. Especially for the phase near 20°, the PD number and PD quantity
increase obviously.

Storage effect of charges is obvious under repetitive impulse voltages. Figure 4
[5] describes the change of space charge and electric field in the air gap at different
time of bipolar continuous square impulse voltage. E(t) is the applied field with
electric field amplitude Ey. Eq is the electric field induced by space charge deposited
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Figure 3.
PD chavracteristics of turn insulation specimens with different aging time. (a) Relevant phase distribution of
the PD number. (b) Relevant phase distribution of PD quantity [5].

in the air gap. At the beginning, bipolar continuous square impulse voltage is
applied on the sample, and the induced space charges gather in the air gap, as shown
in Figure 4a. If the field E;, difference between E(¢) and E, reaches PD inception
field and the initiating electron is available, PD occurs, dropping the electric field E;
to aresidual field value Eres = EO— Eq, as shown in Figure 4b. When the polarity of
impulse voltage reverses, the field value in the air gap changes to Ei = —(E(t) + Eq),
as shown in Figure 4c. Currently, space charge moves under the inverted electric
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Figure 4.
Storage effect of charges under vepetitive impulse voltages [5].

field. But this process is very weak and most of the charge cannot perform the invert
motion because of the steep front of impulse voltage. The value of E, decreases only a
little, where Eq ~ EO-Eres. So, at the instant of polarity reverses, Ei ~ (E(t) + EO-Eres)
would be larger than PD inception field, another PD could be promoted at the falling
time of bipolar continuous square impulse voltage, as shown in Figure 4c. The charge
in the air gap completes reverse movement during the process of PD and the electric
field Ei drops again to the value -Eres, as shown in Figure 4d. When the applied field
inverse again, which is shown in Figure 4f, the changes of charge and electric field

Ei in the air are similar with that in Figure 4c. PD pulse would appear again. The
behavior of charge and field could repeat in succession with the testing time, which is
similar with the procedures from step b to step £.

As displayed in Figure 4, the electric field Ei in the air gap reaches to the maxi-
mum value at the rising stage and falling stage of bipolar continuous square impulse
voltage. The main reason is that the movement of charge in the air gap could not fol-
low the polarity reversion of impulse voltage; superposition effect between applied
field E(t) and the field Eq in the air gap is obvious. Consequently, Most of PDs
occur during the rising edge and falling edge of continuous square impulse voltage
with a narrow distribution range, which can be observed in Figure 3. Residual field
value Eres is not constant strictly because of the dissipation of charge. Individual
PD appears during the flat region of bipolar square impulse voltage when the field
Ei increases to PD inception filed accidentally because of the dissipation of charge
in the air gap.

Partial discharge behavior is closely related to the degree of insulation aging.
During PD activities, the organic polymer is eroded and degraded gradually,
which could lead to two results: first, more new voids generate, which promote the
increase of PD number, and second, the original voids were enlarged because of
volatilization of organics, resulting in higher PDIV. When the polarity of bipolar
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continuous square impulse voltage inverses, applied voltage needs a longer delayed
time to reach the higher PDIV; resulting in a higher energy of PD, which will be
appear at the phase around 20° due to the time delay. This is consistent with what
we discussed before that PD amplitudes and discharge numbers become higher near
20° in aged samples. Therefore, PD amplitudes and discharge numbers near 20° can
be considered as critical characteristic parameters to evaluate the insulation condi-
tion under repetitive impulse voltages.

3. Property modification of polyimide films
3.1 Polyimide nanocomposites

Samples of PI/AL,O; nanocomposites are usually synthetized by using in-situ
polymerization. Corona-resistance lifetime under repetitive impulse voltages for
nanocomposites with different content of Al,O; nanofillers is investigated. And
then, the effects of nanoparticles on reducing the degradation of polyimide nano-
composites will be analyzed in this section.

3.1.1 Lifetime under repetitive impulse voltages for polyimide nanocomposites

During lifetime measurement under repetitive impulse voltages, PDs occur in
the air gap between the film sample and the upper rod electrode. PDs generate high-
energy electron, ultraviolet rays, and high activity chemical groups, which would
accelerate the insulation material aging [19, 20]. Reaching the lifetime, the failure
of polymer nanocomposites would occur due to the fracture and degradation of the
polymer chains [21].

As shown in Figure 5 [22], the lifetime increases with the increasing nano-AlL,0;
content. For the PI/Al,0; nanocomposites with 25 wt.% content of nano-Al,O;, the
lifetime is around 136 h, which is about 23 times longer than that of pure PI film, at
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Figure 5.
Lifetime under repetitive impulse voltages of PI/Al,O; nanocomposites [22].
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the temperature of 25°C. Besides, the lifetime of PI/A1,0; nanocomposites exhibits
the obvious temperature dependence, which decreases gradually with increasing
temperature. With increasing nano-AlO; content, the temperature dependence is
much stronger.

3.1.2 Effects of nanoparticles on reducing the degradation of polyimide
nanocomposites

The effects of nanoparticles on reducing the degradation of polyimide nano-
composites can be deriving from the following three aspects.

First, during the lifetime measurement under repetitive impulse voltages,
PD-induced degradation of the polymer chains occurs. With higher melting point,
inorganic particles would leave on the film surface, acting as obstacles in the erosion
path of polyimide matrix. Then, the degradation of polymer matrix can be reduced,
resulting in a prolonged lifetime. This statement can be proved through the ele-
ment distribution analysis around the breakdown point, as shown in Figure 6 and
Table 1 [23]. Next to the breakdown point, the mass percentage of Al is almost
twice higher than the mean content (2.65%) in PI/Al,0; nanocomposites with Al,O3
content of 5 wt.%. This is consistent with the statement that inorganic particles left
on the surface of eroded regions.

Second, new chemistry bonds would be generated in the interfacial regions of
polyimide nanocomposites, which is the lowest bonding energy. Under the effect
of PDs, these weak bonds would be broken first, followed by the ether linkage,
imide ring and aromatic ring of polyimide matrix, as shown in Figure 7 [23].

Figure 6.
EDS of spot and line scanning avound the breakdown point of PI/Al,O; nanocomposites with Al,O; content of
5 wt.% [23].

Element Spot scanning (Mass %) Line scanning (Mass %)
Carbon 30.61 29.70
Oxygen 65.65 5727
Aluminum 5.74 13.03

Table 1.

Mass percentage of elements in EDS result [23].
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Surface conductivity of PI and PI/Al,O; nanocomposites [23].

Thus, weakest bonds in interfacial regions would be destroyed at the first stage of
aging, which helped reduce the dissociations of other chemical bonds of polyimide
molecules, by absorbing part of PD energy, resulting in a prolonged lifetime.
Third, surface conductivity of polyimide nanocomposites is higher than that
of polyimide matrix, as shown in Figure 8 [23], which facilitates surface charge
dissipation, leading to lower PD intensity, and longer lifetime. The inorganic
particles and the interfacial region near the film surface, with higher carrier
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Trap energy and density distributions of PI and PI/Al,O; nanocomposites [23].

transfer ability, are mainly responsible for the increase in surface conductivity of
polyimide nanocomposites. Improved surface conductivity can facilitate charge
dissipation and mitigates the electric field distortion, resulting in higher PDIV
and longer lifetime.

At last, dielectric characteristics of polyimide nanocomposites are greatly influ-
enced by different trap density and energy distributions which depend on physical
and chemical defects in dielectrics. As to deep traps, named as peak 2 in Figure 9
[23], the trap energy nearly changes for polyimide nanocomposites, but trap density
declines with increasing nanoparticle concentration, which means that the bonds
between nanoparticles and polyimide molecules can restrict the movement of
molecular and thus reduce the chemical disorder.

Besides, shallower traps are introduced in nanocomposites as nanocomposites
content increases, as peak 1 appears on the curve of polyimide nanocomposites.
With lower trap density, it is less possible for charge recombination in polyimide
nanocomposites, thus lead to lower released energy, which is beneficial to reduce
the degradation of polymer.

Many chemical defects are generated during PD aging due to the breakage of
long molecular chain, which are reflected on the increase of both trap density
and energy level. As the degree of electrical aging can be determined by the rate
of increase in the density of stress-created traps [24], it can be concluded that the
degree of PD aging is quite serious in PI after aging for 15 min, while that of PI/
Al,O; nanocomposites is much slighter. That is why no obvious increase trend can
be observed in the trap density when the PD aging time is less than 15 min.

Besides, the trap-level distribution showed that both trap density and energy in
PI/A1,O; nanocomposites decreased as degradation, while the trend of PI was oppo-
site. It indicated that the degradation of PI/Al,0; nanocomposites was mitigated
compared with PI, which could be attributed to the improved electrical characteris-
tics of PI/Al,0; nanocomposites.



Modern Applications of Electrostatics and Dielectrics

3.2 Surface modification of polyimide films

Non-thermal plasma generated by dielectric barrier discharge (DBD) can
be used to conduct surface modification of polyimide films [25]. This kind of
plasma modification can efficiently cause the material surface cross-linking,
etching, and the introduction of polar groups, without changing its bulk proper-
ties. Surface modification of polymer films using DBD are usually conducted
to improve adhesion or hydrophilicity properties, as DBD exited high-energy
electrons produce ions and reactive species that interact with film surface to
modify the surface characteristics. Electrical properties such as surface flashover
voltage and surface resistivity can also be improved by non-thermal plasma
modification [26-28].

In this section, we will study lifetime improvement and its mechanism under
repetitive impulse voltages, by considering the influence of trap energy distribu-
tion on carrier transportation and charge dissipation with voltage reversion. Thus,
isothermal surface potential decay (ISPD) [29, 30] technique was conducted to
study the charge transport characteristics of PI films before and after surface
modification, revealing the energy distribution of both electron-type and hole-
type traps [31].

3.2.1 Properties of plasma-modified polyimide films

Polyimide films were put between the air gap of DBD for surface modification,
with different treating time set as 0, 10, 20, 30, 60, and 90 s. The DBD was excited
by non-thermal plasma generator in atmospheric air, as shown in Figure 10.

The surface of the polyimide films was etched during plasma treatment. As
shown in Figure 11, embossing, micro-voids, and obvious etched channels gradu-
ally appear on film surface, with increasing treating time. Based on the energy
disperse spectroscopy (EDS) analysis results shown in Table 2, it is indicated that
the oxygen content of plasma-treated films is higher than that of untreated film.
This would be attributed to the introduction of rich-oxygen groups onto the film
surface during plasma treatment.

High-voltage probe
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Figure 10.

Setup for dielectric barrier discharge (DBD) plasma treatment.
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Figure 11.
SEM images of PI after diffevent treating time. (a) PI. (b) PI-20. (c¢)PI-30. (d) PI-90.

Samples Weight percentage of C (wt %) Weight percentage of O (wt %)
PI 21.71 78.29
PI-90 18.70 81.30

Table 2.

Elemental analysis of PI films before and after plasma treatment.

Main molecular chains of PI have not been changed by plasma treatment [32, 33],
while the intensities of these characteristic absorption peaks for plasma-treated films
obviously decrease compared with untreated films, indicating some ring-opening
reactions occurred during plasma treatment, as shown in Figure 12. Moreover,
absorption bands between 3660 and 3200 cm™", which represent O==H stretching
peaks in carboxyl acids [32, 33], can be observed in plasma-treated films. Peaks appear
at 1410 (=COOH) and 3220 (=—NH2) cm™ also increase in plasma-treated films,
indicating that reactive species, containing oxygen and nitrogen, have been intro-
duced onto the film surface during plasma treatment. However, when the treating
time is longer than 30 s, the intensities of characteristic absorption peaks represent-
ing =COOH and =NH2 obviously decrease. This would be attributed to further
oxidizing reactions during plasma treatment, as working gas is air. Thus, appropriate
treating time is an important factor to introduce reactive groups effectively.

Lifetime under repetitive impulse voltage for plasma-treated films can be
improved when the plasma treating time is less than 20 s, but it decreases with
increasing treating time, when the treating time is longer than 20 s, as shown in
Figure 13. When the treating time is 20s, the lifetime reaches the maximum value of
23.5 min, which is 16.9% higher than that of untreated samples. When the treat-
ing time exceeds 30 s, the lifetime decreases sharply, by reaching the values even
shorter than that of untreated samples.

11
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Figure 12.
FTIR spectra of PI films under different plasma treating time. (a) 1800—700 cm™. (b) 4000—700 cm ™.

3.2.2 Modification mechanism

The energy levels of both electron-type and hole-type traps are lower in plasma-
treated films than that in untreated ones, as shown in Figure 14. Apparent decrease
of trap energies takes place when the treating time is shorter than 20 s. However,
the trap energy levels increase when the treating time exceeds 20 s, but they are still
lower than that of untreated samples. For each curve, two peaks can be observed,
which represent the distribution of shallow and deep traps, respectively.

Shallow trap energy level for PI-20 is the lowest compared with the others,
corresponding to the longest lifetime repetitive impulse voltages. Trap energy level
dominates charge transfer characteristics rather than trap density. With lower
shallow trap energy level, carriers are easier to transfer through the sample, causing
less charge accumulation. For deeper traps, more energy is needed to detrap the
carriers, which means more charges are trapped in samples. Only the near surface
region with the depth about ~90 nm of the material has been modified by reactive

12
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groups during plasma treatment [34]. Thus, the trap distribution modification
mainly occurs in the near surface region, by introducing groups contained oxygen
and nitrogen. Corresponding charge transportation and accumulation characteris-
tics modification also takes place in this near surface region. When it comes to the
repetitive impulse voltages, the trapped surface charges will be superposed to the
applied voltage as polarity reverses, and local field would be further enhanced [23].
In this case, lifetime will be shortened due to intensive PD activity. For plasma-
treated films, with lower energies of both shallow and deep traps, charge dissipation
would be enhanced and the density of trapped charges would be reduced, leading to
the local electric filed mitigation, resulting in suppressed PD intensity and corre-
sponding longer lifetime.

However, when the treating time is too long, plasma-introduced oxygen and
nitrogen rich groups would be broken by further oxidizing reactions, so less effec-
tive active groups have been introduced through plasma treatment. Furthermore,
the degradation of PI films begins to occur, which means large molecular chains of
PI began to break. It is more likely to form low-density region on the film surface.
Although the charge dissipation is enhanced by the effect of shallower traps and
corresponding PD activity might be weakened, this low-density region still cannot
withstand the weakened PD intensity, and cleavages of the molecular chain will
take place subsequently. Finally, the dielectric breakdown will occur in a short time.

4, Conclusion

The insulation system of inverter-fed motors is subjected to repetitive impulse
voltages which are generated by pulse width modulation (PWM) converters. The
insulation materials are expected to withstand partial discharge (PD) activity
during service. Under repetitive impulse voltages, most of PD pulses appear next to
the rising edge and the falling edge of applied voltage but rarely present during the
flat region of repetitive square impulse voltages, which is quite different from the
PD characteristics under power frequency. The phase distribution appears widening
tendency with the increase of aging time. Especially for the phase near 20°, the PD
number and PD quantity increase obviously.

As turn-to-turn insulation of inverter-fed traction motors, the dielectric proper-
ties of polyimide need to be improved to meet the requirement for rapid develop-
ment of industry application, especially for PD-dependent lifetime under repetitive
impulse voltages. Lifetime under repetitive impulse voltages can be improved by
synthesizing polyimide/inorganic nanocomposites and plasma treatment.

For polyimide nanocomposites, during degradation process, inorganic particles
would leave on the film surface of polyimide due to higher melting point, acting
as obstacles in the erosion path of polyimide matrix. New chemistry bonds would
be generated in the interfacial regions of polyimide nanocomposites, which is the
lowest bonding energy. These weak bonds would be destroyed at the first stage of
aging, reducing dissociations of other chemical bonds of polyimide molecules. With
improved surface conductivity, charge dissipation of polyimide nanocomposites
mitigates the electric field distortion, resulting in higher PDIV. As shallower traps
are introduced in nanocomposites, it is less possible for charge recombination in
polyimide nanocomposites, leading to lower released energy, which is beneficial to
reduce the degradation of polymer.

For plasma-treated films, lower shallow trap energy level is beneficial to charge
transfer; with lower deep trap energy level, less charge accumulation takes place.
Trap energy level dominates the charge transportation and accumulation character-
istics rather than trap density. Active groups contained oxygen and nitrogen, which
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are introduced during plasma treatment, are responsible for trap energy distribu-
tion modification of PI films. Under repetitive impulse voltage, faster surface
potential decay rate and less charge accumulation can facilitate charge dissipation
and local electric field mitigation, resulting in weakened PD intensity and a longer
lifetime. Appropriate treating time is an important factor to introduce reactive
groups and prolong the lifetime.
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