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ABSTRACT

Recently, the market for EVs (Electric vehicles) and HEVs (Hybrid electric vehicles)
has been expanding. In these vehicles, rectangular wires have started to be used for the
traction motor coil to increase the motor performance. As a result, the insulation
techniques become important because the applied voltage between the wires is
increasing due to a change in the motor structure and the increase in the driving
voltage. In order to safeguard the motor insulation, partial discharge (PD) between coil
wires must be controlled, and to do this, the coil wires should be coated with an
insulator of a suitable thickness. For this purpose, the PD measurement technique is
important in design and inspection on the manufacturing lines. However, the PD
measurement between wires is unstable, and is especially affected by the measurement
method and environmental factors. In this paper, we clarify the factors as well as the
mechanism affecting the PD inception voltage (PDIV) between enameled rectangular
wires under AC voltage. The effects of the ambient humidity, the pre-discharge
conditions and the measuring frequency on the PDIV were analyzed. As a result, it was
confirmed that when there was pre-discharge in a high humidity environment, the
PDIV displayed fluctuating characteristics in which it momentarily decreased and then
increased. We observed the discharges and analyzed the electric field distribution. The
results showed that in high humidity environment, pre-discharge causes moisture
contained in the air to adhere to the coating surfaces, resulting in an increase in the
surface conductivity, which influences the electric field strength in the air gap between
coil wires. These analyses indicated that the PDIV can be measured stably and reliably
at high frequencies in a high humidity environment.

Index Terms - Partial discharges, environmental factors, enamel insulated wires,
motors, insulation testing.

1 INTRODUCTION

characteristics in motors includes some examples in which the

RECENTLY because of the increased demand for higher
performance in motors for EVs and HEVS, rectangular wires have
started to be used in motor coils to increase the space factor in the
motor stator. Subsequently, because of the requirements associated
with a high-voltage drive, the insulation coatings on the coil wires
have been made thicker. With this type of wire material,
understanding the partial discharge (PD) characteristics and
achieving a more controlled insulation design are quite important
for EVs and HEVs to achieve a sufficient level of performance.

Methods of measuring the PD between the coil wires have been
discussed, including electrical methods [1, 2], electromagnetic
methods [3, 4], and others. Existing research related to the PD
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ambient humidity was changed [5, 6]. It has been pointed out in
the research that the PDIV decreases in high-humidity
environments, and as a result, the decrease in the withstand voltage
of the air and the decrease in the surface resistance can lead to a
decrease in the charge accumulated on the wire surface.

In designing motor insulation and motor manufacturing lines,
the PDIV between coil wires is measured under an AC voltage to
evaluate the insulation performance of the motor coil wires.
Therefore, it is important to measure the PDIV stably and reliably.
For this purpose, it is useful to clarify the effects on the PDIV of
factors including the measurement environment (especially
ambient humidity) and the measurement method, which involves
the measurement frequency and the pre-discharge time for
repeated measurements. This paper focuses on the ambient
humidity, pre-discharge and measuring frequency in order to



clarify both the mechanism and the effect of these factors on the
PDIV characteristics between rectangular wires.

2 EXPERIMENTAL SETUP

2.1 PD DETECTION CIRCUIT AND TEST SAMPLE

The setup for PD measurement is shown in Figure 1. The
PDIV was measured under an AC voltage by preparing the test
sample shown in Figure 2, where one wire was bent and a
plastic clip was used to establish contact between the wires.
The clipping force was 7.8 N which is low enough to avoid
deformation of coatings. The applied voltage and frequency
were changed using a high-speed, high-voltage amplifier and a
function generator. The PDs in the test sample go through a
200-pF coupling capacitor to a CR circuit. The amplitude of
the output voltage of the CR circuit was measured as the PD
signal. The PD signal was initially calibrated using a pulse
generator with various charge amounts. The reason why there
are two CR circuits in the measurement circuit is to
differentiate the PD signal from the noise components for the
polarity of the detected waveform.

The wires evaluated in this experiment were made of
rectangular wire with a polyimide amide (AIW) coating that
was 40 um or 160 pm thick. The shapes of the two sample
wires were 2.3 mm x 1.5 mm (40 pum thick) and 2.8 mm x 2.1
mm (160 pm thick) as shown in Table 1. These coating
thickness were decided from the range of variation in the
actual motor used in the commercial product. Inside of the
both coatings, voids or impurity matters were scarcely
contained with regard to the specifications of wires, and the
roughness of the both coatings were less than 1 um according
to the photograph of cross section of coatings. The test sample
was cleaned with alcohol and placed in a thermo-hygrostat as
the prior treatment. In order to analyze the PD location during
PDIV measurement, PD luminescence image was observed
through a window using a high-sensitivity camera.

2.2 EXPERIMENTAL PROCEDURE

The conditions and procedure for PD measurement are
shown in Table 2 and Figure 3. A pre-discharge voltage of 1
kHz at a fixed voltage equal to 1.2 x initial PDIV at 1 kHz was
applied for 5-60 s, and the pre-discharge was stopped
momentarily for PDIV measurements at 5 Hz, 50 Hz and 1
kHz, respectively. By repeating the above procedure, the
change in the PDIV as a function of the total pre-discharge
time and the PDIV characteristics as a function of the
measuring frequency were evaluated. The voltage was
increased by 20 V/s for the PDIV measurement, and the PDIV
was judged to be the peak voltage in the cycle at which one PD
pulse higher than 5 pC occured. The PDIV measurement was
performed five times at the same condition, and the average
value, maximum value, and minimum value were evaluated.
After the PDIV evaluations, the PD locations were also
observed for sample A when the applied voltage was set to the
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Table 1. Specifications of rectangular wires.

Sample A Sample B
Size 2.3x1.5mm 2.8x21mm
Coating thickness 40 pm 160 pum
Coating material AW AW
Permittivity of coating 4.0 4.0

Table 2. Conditions for PD measurement
25 °C /20 %RH, 90 %RH
1kHz, 1.2 x PDIV

Environmental conditions

Pre-discharge conditions

@ 1kHz
PDIV measurement frequency 5 Hz, 50 Hz, 1 kHz
PD detection sensitivity 5pC
Voltage rise/ decrease speed 20 VIs

Pre-discharge (1 kHz) —»
PDIV measurement (50 Hz) o

‘%—>°—>C » O P O-----
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0 10s 20s 30s
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Figure 3. PDIV measurement procedure.

PDIV. The PD luminescence image was captured at an
exposure time of 0.45 s.

3 EXPERIMENTAL RESULTS

3.1 PDIV CHANGE UNDER PRE-DISCHARGE
Figure 4 shows the measurement results for the PDIV as a
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Figure 4. PDIV as a function of pre-discharge time (20 %RH).

function of the total pre-discharge time for samples A and B
under a 20 %RH environment. In each case, the PDIV as a
function of the pre-discharge time was relatively stable, though
it shows a slight scattering between the maximum and
minimum values during the initial period of pre-discharge.

Similarly, Figure 5 shows the measurement results under
90 %RH. For the sample A, the PDIV (at 50 Hz) decreased in
the initial period up to the pre-discharge time of 20 s, but the
PDIV increased significantly for pre-discharge times of 30 s or
more, and then saturated. The results show the same trend for
the sample B. For the sample B, the PDIV decreased in the
initial period up to a pre-discharge time of 10 s and increased
after a pre-discharge time of 20 s. When the pre-discharge time
exceeded 50 s, the pre-discharge was extinguished, and the test
was concluded.

At both samples, the second test at 90 %RH was performed
12 hours after the first test. As a result, the PDIV was
confirmed to reproduce the initial values in Figures 4 and 5.

3.2 FREQUENCY CHARACTERISTICS OF PDIV

Figure 6 shows the frequency dependence of the PDIV at
90 %RH for both samples at pre-discharge times of 0's, 10 s
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Figure 5. PDIV as a function of pre-discharge time (90 %RH).

and 30 s. At a pre-discharge time of 0 s in Figure 6a, the PDIV
is stable with a small scattering with frequency. However, at a
pre-discharge time of 10 s in Figure 6b, the PDIV decreased as
the frequency decreased. On the other hand, at a pre-discharge
time of 30 s in Figure 6¢, the PDIV increased as the frequency
decreased for both samples.

The above results confirm that the PDIV and its frequency
characteristics vary with the pre-discharge time in a high-
humidity environment of around 90 %RH.

3.3 CHANGE OF PD LOCATIONS

Figure 7 shows the PD luminescence images during the
PDIV measurement at 50 Hz in an environmental humidity of
20 %RH and 90 %RH. As shown in this figure, at 20 %RH,
the PDs were close to the contact point of the wires, and no
changes were seen with elapsed time. In contrast, at 90 %RH,
the PDs changed with the pre-discharge time. At a pre-
discharge time of 10 s when the PDIV decreased, PDs were
observed closer to the contact point (shorter gap side).
However, after 30 s when the PDIV rose, the PD locations
changed and spread outward (longer gap side) from the contact
point.
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Figure 7. PD luminescence images for different ambient humidity (at PDIV @ 50 Hz, Sample A)

and especially in paper [9], “conditioning” which conducted

4 MECHANISM ANALYSIS pre-discharge before measurement is suggested to generate
4.1 EACTORS IN PDIV CHANGES stable condition of surface charge. Accorfjlng _to these reports,
. ) ] o the measurement results at 20 %RH in Figure 4 can be
Possible factors in the changes in the PD characteristics in concerned by surface charge. However, the measurement

the previous section are, for example, corrosion of the coating results at 90 %RH in Figure 5 cannot be explained by previous
[7, 8] and charge accumulating on the coating surface [9, 10],



knowledge. Therefore in this research, the authors focused on
the phenomenon of the change in the PDIV at high humidity,
and analysis was carried out to clarify the mechanism.

The coating thickness measured after the PDIV
measurement in Figure 5a decreased by a maximum of only
0.7 um against an initial coating thickness of 40 pm. Moreover,
as shown by the measurement result in Figure 5, even if the
PDIV changed in a high-humidity environment due to pre-
discharge, it returned to its initial value within 12 hours after
the end of measurements. For these reasons, PDIV changes in
a high-humidity environment can be related to a chemical
modification of the surface coatings, in particular, the surface
conductivity.

Many arguments have been put forward to explain surface
chemical modification in the plastic materials field.
Particularly, researches concerning modification of the surface
characteristics of polymeric film, which changes from
hydrophobic to hydrophilic, have been reported [11-13]. From
these reports, the surface of the polymeric film is modified by
a corona discharge and made hydrophilic, i.e. the plasma
produced by the electric discharge collides with the film
surface and cuts the polymer chain, which combines with
atmospheric oxygen. As a result, a hydroxyl group or a
carboxyl group with hydrophilic characteristics is formed on
the polymeric film. On the other hand, polymers such as
polyimide used for the wire coatings in this measurement are
known as highly absorptive substances [14, 15]. Moreover, the
state of the modified surface will not be maintained for a long
time, especially in the state where the surface modification
decreases quickly in the initial period after the modification
stops [16]. For these reasons, in this experiment, it is
considered that the pre-discharge modified the coating surface
and made it hydrophilic, and thus moisture contained in the air
adhered to its surface. Consequently, the conductivity of the
coating surface increased and affected the electric field in the
air gap as shown in Figure 8. To confirm this assumption, the
electric field is analyzed in the next sub-section.

4.2 CALCULATION MODEL FOR
ELECTRIC FIELD DISTRIBUTION

The electric field strength in the air gap between the wires
was calculated by finite element method under an AC voltage.
Figure 9 shows the two-dimensional basic structure of the
calculation model with a wire coating thickness of 40 pm, in
which the coating surfaces are assumed to be covered by a
moisture layer with a thickness of 2 um in different patterns.
Table 3 shows the physical constants of the calculation model.
With this model, the electric field strength in the air gap was
calculated when 1,000 V was applied between the conductors
at different frequencies (5 Hz, 50 Hz and 1 kHz).

The electrical conductivity of moisture o, (= 1.0 x 10 S/m)
was set from the following preliminary calculation with the
model where the entire coating surface is covered with a
moisture layer. Figure 10 shows the electric field strength in
the middle of the air gap at a gap length of 40 um as a function
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Table 3. Physical constants of calculation model.

Relative Permittivity & Conductivity ow [S/m]
Copper - 5.9x10’
Enamel 4.0 0
Air 1.0 0
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Figure 10. Electric field strength in air gap as a function of moisture
conductivity.



of o, for different frequencies. This air gap length of 40 pm
refers to the location where the PDs began to occur based on
Paschen's law, which is derived from the point of contact
between the electric field strength in the air gap and the
Paschen curve [17]. The electric field strength decreases as the
frequency decreases or as oy, increases. In this analysis, we
used o, = 1.0 x 10 S/m near to 0.001wt% salt water for the
electrical conductivity of moisture layer on the coating
surfaces.

4.3 ELECTRIC FIELD DISTRIBUTION
AT HIGH HUMIDITY

4.3.1 IN CASE OF MOISTURE LAYER ATTACHED
TO COIL COATING EXCEPT CONTACT POINT

As described above, PDs can occur at the location of the 40
um air gap in the initial period of pre-discharge. As a result,
the electric field and the PDIV can change at high humidity,
when moisture contained in the air exists near the coating
surfaces where the PDs occurred initially. The authors
calculated the electric field strength with moisture layers
attached to the coil coatings. Figure 11 shows the electric field
distribution for different frequencies calculated from the model
that includes the moisture layer partially with a length of 1.5
mm. This moisture length is set to contain the PD inception
point at the gap length of 40 pm shown in Figure 11. The
electric field strength along its center line in the air gap is
plotted in Figure 12. In this figure, the electric field strength at
the area where moisture exists increases when the location
becomes closer to the contact point, compared with the model
that does not include moisture, and these changes were found
to be significant at lower frequencies.

When the moisture changes the electric field distribution in
Figure 12, the areas in which PDs occur may also change,
because the relationship between the electric field strength in
the air gap and the Paschen curve will change as shown in
Figure 13. The electric field distribution in the air gap was
plotted for the model with and without moisture, respectively,
at 50 Hz. The applied voltage for both curves was set to the
PDIV in each case, i.e. the value to make contact with the
Paschen curve. According to this result, the PDIV in the model
with moisture (680 V) is lower than the model without
moisture (840 V), and the point at which PDs occur shifts
toward the shorter gap length and the contact point. This result
is consistent with the fact that the PDIV decreased and PDs
were observed closer to the contact point during the first stage
of pre-discharge in Figures 5a and 7b. After repeating this
process, the PD location will shift toward the contact point,
and then the moisture layer on the coating surfaces will extend
to the contact point. At this moment, the electric field
distribution in the air gap and PDIV characteristics may
change significantly, so that in the next sub-section, the
electric field distribution is calculated when the moisture layer
reaches the contact point.
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4.3.2 IN CASE OF MOISTURE LAYER ATTACHED
TO COIL COATING CONTAINING CONTACT

POINT

Figure 14 shows the calculation results for the electric field
distributions when the moisture layer on the coating surfaces
reached the contact point, i.e. the moisture length is 3.0 mm
from the contact point. In addition, the electric field strength in
the air gap using the same procedure as in the previous figures
is shown in Figures 15 and 16. In contrast to Figures 11 and 12,
the electric field strength in the air gap is reduced by the
moisture layer, and its value decreases with decreasing
frequency as shown in Figures 14 and 15. As a result, the
PDIV in the model with moisture (950 V) is higher than the
model without moisture (840 V), and the PD location shifts
toward the longer gap length as shown in Figure 16.

4.4 MECHANISM OF PDIV CHANGES
WITH PRE-DISCHARGE AT HIGH HUMIDITY

The results of analyses on electric field distribution clarify
the following three important points: Firstly, the electric field
strength in the air gap actually changes when moisture exists
on the wire coating surfaces, and the electric field distribution
changes depending on the area in which moisture exists. This
can be the main reason why the PDIV changes with the pre-
discharge in Figure 5. Secondly, the above phenomenon
becomes more significant at low frequencies, i.e. when the
surface conductivity affects complex dielectric constant
(ot+jwe). This can be the reason why the change in the PDIV
decreases or increases at lower frequencies in high humidity
environment in Figures 6b or 6¢. And thirdly, the PD location
at the PDIV measurement at 50 Hz changes depending on the
area in which moisture exists. When moisture exists on a part
of the wire coating surface, PDs occur near the contact point of
the wires due to the local enhancement of the electrical field
strength. On the other hand, when moisture reaches the contact
point, PDs occur away from the contact point due to the
decrease in the electric field strength in the area in which
moisture exists. This can be the reason for the change in the
PD location with the pre-discharge in Figure 7b.

Based on the above experiments and analyses, the PDIV
change in the high humidity environment measured in Figure 5
can be schematically explained in Figure 17. In the initial pre-
discharge period, PDs occurred in the air gap between the coil
wires, and they partially activated the coating surfaces. As a
result, the coating surfaces became hydrophilic, allowing the
moisture contained in the air to partially condense on the
coating surfaces. This leads to the local enhancement in the
electric field strength around the moisture layer on the coating
surfaces, which decreased the PDIV and shifted the PD
location toward the contact point in the second period of pre-
discharge (~20 s). Subsequently, the moisture reached the
contact point, which leads to the decrease in the electric field
strength in the air gap, which increased the PDIV and shifted
the PD location away from the contact point in the third period
of pre-discharge (~20 s).
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From these findings, the following measurement methods
will contribute to the evaluation of PDIV with a small
scattering: In a low humidity environment, pre-discharge to
generate stable condition of surface charge will be effective as
mentioned in section 4.1. On the other hand, in a high
humidity environment, a higher frequency which can suppress
the change of the electric field distribution in the air gap will
be effective as analyzed in Figures 6, 12 and 15.

5 CONCLUSION

This paper investigated the factors as well as the mechanism
affecting the PDIV between enameled rectangular wires under
AC voltage. The main results are summarized as follows:

(1) The PDIV and its frequency characteristics as well as
PD locations vary with the pre-discharge time in a high
humidity environment of around 90 %RH.

(2) The pre-discharge caused the moisture adhesion to the
wire coating surface and increased the surface conductivity,
which influenced the electric field strength in the air gap
between coil wires.

(3) The variation in PDIV and PD locations was consistent
with the moisture adhesion pattern on the wire coating surface
during the pre-discharge.

These findings suggest a useful measuring technique of
PDIV between coil wires in consideration of ambient humidity,
pre-discharge and measuring frequency. Especially, pre-
discharge in a low humidity environment and a higher
frequency in a high humidity environment will be effective for
the stable and reliable PDIV measurement.
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