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Abstract

During the operation of HV motor, the abrasion of stator windings because of vibration caused by electromagnetic force will
lead to slot partial discharge (PD). Furthermore, the superheat induced by overcurrent or poor heat dissipation will aggravate
the slot PD. To understand the developing process of slot PD and comprehend the influences of aging factors on slot PD
properties, two discharge bar models were made under electrical-thermal aging. At triple the rated line-to-earth voltage of
6 kV, two stator bars were aged for 37 days under different temperatures. The slot PD was measured during different aging
stages, and visual observations of the insulation and stator core surface were made at the beginning and the end of aging. The
experiment results indicate that electrical-thermal aging has a significant impact on the slot PD activities. The slot PD was
intense under higher thermal stress, and the surfaces of insulation and stator core were oxidized after the long-time aging.

This study can provide a judging basis for fault diagnosis of HV motors.

Keywords Electrical-thermal aging - Slot partial discharge properties - HV motor windings

1 Introduction

High voltage motors are one of the most important pieces
of electrical equipment. Their failures are always due to
electrical, thermal, environmental and mechanical stresses
which interact in a synergistic way to shorten the life of the
motor insulation [1]. Stator windings will vibrate at twice
the power—frequency because of the huge electromagnetic
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force excited by power—frequency magnetic field during
full-load operation [2]. The semi-conductive coating and
the ground wall insulation will be abraded by the iron core
under the vibration [3]. Considerable debris resulting from
this vibration will clog the air ventilator and lead to ther-
mal aging [4]. Therefore, mechanical and thermal stresses,
if not well controlled, will lead to serious insulation faults.
Figure 1 shows a stator bar of a 10 kV motor being removed
from a stator where the semi-conductive coating and 30%
of the groundwall thickness have been abraded away [5].

Various forms of PDs can occur in a motor [6]. However,
due to recent improvements in the used for motor insulation,
most forms of PD do little damage to the insulation materials
[7]. On the other hand, some high energy discharges, such
as slot PD occurring between the stator bar and the iron
core surface can seriously damage the insulation [8]. Many
motors are broken down after a few decades in service, due
to slot partial discharge [5].

The occurrence of slot PD has been studied by many
scholars. Levesque et al. [9] found that humidity cansuppress
discharge activity but increase the conductivity of insulation
surfaces. Stone and Maughan [10] investigated slot PD under
mechanical vibration, and found that slot PD will be signifi-
cant only in bars that are in the high voltage region. Song
et al. [11] studied slot PD under different abrasion levels and
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Fig. 1 A stator winding damaged from vibration abrasion

identified relationships between discharge amplitude/phase
and abrasion levels. Li [12] introduced the change of slot
PRPD patterns under different voltages. However, very lit-
tle has been published on the relationships between slot PD
characteristics and electrical-thermal aging. In this article,
we analyze slot PD characteristics of stator bars taken from
6 kV/780 MVA motor. Measurements were carried out in the
laboratory and phase resolved partial discharge (PRPD) pat-
terns were obtained at various aging times, using the pulse
current method compliant with IEC 60270.

2 Experimental Description
2.1 Stator Bars and Preconditioning

The groundwall insulation of the experimental bars was a
modern epoxy-mica insulation system with the thickness of
2.04 mm.

The bars were subjected to preconditioning before aging
was commenced. Their surfaces were checked to ensure that
the semi-conductive coating was in perfect condition, and
cleaned with alcohol to remove contamination. A voltage of
50 Hz was applied across each bar and gradually increased to
15 kVzpms, in order to detect pre-existing internal defects by
observing whether only typical symmetrical PRPD patterns
of internal discharge occurrence [6]. The eligible bars were
processed by abrading the insulation surface at the same
section with the dimension of 35 mm X 30 mm X 0.7 mm
and inserted into a iron core that was made up of industrial
silicon steel sheets, as shown in Fig. 2.

2.2 Test Setup

The electrical-thermal accelerated aging test was performed
on two 6 kV (phase-to-ground) stator bars, and the experi-
mental work was carried out in the electromagnetic shielding
room with the dimension of 10 m x5 m X3 m. The sche-
matic diagram of the test setup was shown in Fig. 3.
Wherein, BPF is a band-pass filter devoted to filter out the
interference signal and let the power—frequency signal pass.
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Fig.2 One of the experiment stator bars for slot PD

LPF is a PD free isolation transformer low-pass filter which
is devoted to filter the high-frequency interference mixed
from the former grade equipment. T is the test transformer
with the maximal PD amplitude of 0.2 pC under 100 kV. R
is the water resistor of 20 kQ which is devoted to protect the
transformer T from overcurrent. Cc is a coupling capacitance
of 1000 pF which produces a high-frequency path for partial
discharge signal.

The highest heat-resistance temperature of F-class epoxy-
mica insulation is 155 °C and the temperature of the sur-
face insulation is about 85 °C during HV motor operating.
Therefore, the experimental stator bars were divided into
two groups: A and B. The aging conditions of two groups
were as shown in Table 1. Wherein, the AC aging voltage
is generated by a 50 Hz, 100 kV, 10 kVA test transformer.
The thermal stress is generated by a heating band and PID
temperature controller, which can keep the aging tempera-
ture constant.

Prior to aging, the experimental bars were annealed
under 6 kV and 25 °C for 1 day, as shown in the time line
in Fig. 4. At the end of stage 1, PD measurement (PD1)

Stator bar

Heat preservation|
cotton

BPF Low Voltage

Operational Site

Voltage Regulator ~ PD Detector

Fig.3 Schematic diagram of the experimental system
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Table 1 The experimental conditions of each groups

Group Abrasion depth Aging voltage Aging
(mm) (kV) temperature
(°O
A 0.7 18 85
B 0.7 18 155

——————————————  Constant relative humidity of 30% ~—————

Stage 1 Stage 2 Stage 3 —h

— USISKV, Ty=85°C, Ty=155°C — i 0kV o>
250C i
od  3d 64 9d 12d 154 18d  21d  24d  27d  30d 37d
T T T T T T T T T T T T T
PDO PD1 PD2 PD3 PD4 PDS
Visual Visual
inspection inspection

PD6 PD7 PD8 PD9 PDIO PDII PD 12

Fig.4 Time line of aging voltage and temperature for group A and
group B

was carried out to investigate the influence of short-duration
surface degradation. The aging of stage 2 was to accelerate
the slot discharge activity by applying 18 kV and different
temperatures (85 °C and 155 °C) for 30 days. During stage
3, the temperature was reduced to 25 °C for 7 days without
any voltage, and the last PD (PD12) was measured. All PD
measurements performed during the experiment were taken
at 6 kV and relative humidity of 30%.

2.3 PD Measurement

The acquisition time for all PRPD patterns was 60 s and
recordings were made at 6 kV after 30 min of conditioning,
using a 1000 pF capacitive coupler in the frequency range
of 80-500 kHz. PD measurements were carried out at 3-day
intervals during stage 2 (0-30 days), but visual inspections
of the insulation surface and the iron core surface were made
only at — 1 day and at 37 day. Analysis of the PRPD pat-
terns was through the total apparent current (NQS) in pA
and discharge repetition rate in n/s and the largest discharge
amplitude (Q,,,,) in pC.

3 Results
3.1 PRPD Patterns

Figure 5 shows PRPD patterns of group A measured at dif-
ferent aging time. The Q" . is larger than Q,,,, at each of
the three aging stages, and all patterns have a steep increase
at the onset of the pattern during the negative voltage half-
cycle. Additionally, PRPD patterns in different stages form
different geometric shapes, while these geometric shapes

in the same aging stage have a great similarity. The pattern

max

of Q% is like a triangle in stage 1, and the geometric shape
becomes from the triangle to the quadrilateral gradually in
stage 2. The differences among these PRPD patterns are due
mainly to changes in the electric field in the air gap between
the core and stator bar with the increase of aging time, which
can shift the distribution of dominant discharge [13]. Com-
paring (a) and (e), the re-appearance of the triangular shape
in (e) is due to the electrons trapped during stage 2 flowing
to the ground [9]. However, the anx is still over twice larger
than that in stage 1, which proves the insulation degradation
is due to the long term electrical-thermal aging.

Besides, the Qf . is always at least 1.5XQ,,,, and
the Q;f , increases from 9000 pC to 16,000 pC and then
decreases to 12,000 pC, as can be seen in Fig. 5. The
changes are assumed to be caused by the follow reasons: (1)
the electrical-thermal aging can increase electronic ther-
mal energy, which will improve the efficiency of ionizing
collisions and increase the Q" ; (2) the temperature rise
increases the insulation work function [17], which leads to
a reduction in the availability of electrons, becoming harder
to extract from the insulation surface; (3) with the long-term
electrical-thermal aging, the conductivity of the insulation
surface increases because of negative ions reacting during
the positive voltage half-cycle [9]. The increased conductiv-
ity will increase the migration of electrons deposited on the
insulation surface. With time, the electrons will spread over
larger area because of the continuous increased conductivity
of insulation surface, which will decrease the local field and
generate smaller PD pulses; (4) the iron core is oxidized due
to aging, which will decrease its conductivity and the ability
of electronic emission from the iron core surface, which will
lead to a small decrease in PD amplitude. The synergistic
effect of the above reasons finally decrease the Q..

PRPD patterns of group B in different aging time are
exhibited as Fig. 6. It can be seen that all patterns have a
similar trend but with a higher amplitude compared with
85 °C. However, the ratio of Q/, /Qr.,, still remains about
1.5, which can be used as an important characteristic to
judge slot discharge. Furthermore, in stage 3, the Q. is
about 4000 pC and the geometric shape becomes quadrilat-
eral, which is the most difference compared with group A.

3.2 Slot PD Parameters Distribution

Figure 7 shows the distribution of Q,,,, in different stages,
and all curves have a similar trend, but with larger amplitude
at higher temperature. The reason is that the heat produced
by the heater band and the localized high temperature in
the discharge area will generate thermal degradation, which
will lead to a decrease of the bonding strength of the epoxy-
mica interface [14]. Higher temperature can increase more
electronic thermal energy and result in the slot PD activ-
ity more intense. With time, thermal degradation generates
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Fig.5 PRPD patterns of group A in different stages

oxidization on the insulation surface and the iron core sur-
face, which will lead to surface degradation and weaken the
slot PD activity.

Figure 8 depicts the distribution of discharge repetition
rate during stage 2. It can be clearly seen that N~ displays
a trend of increased at first and then decreased gradually,
while N* has maintained growth throughout the whole aging
sequence for both two groups. However, N* is larger than
N~ when the temperature is 85 °C, while the same condition
is utterly opposite when the temperature is up to 155 °C.
The main reason for this is as follows: in the experiment, we

@ Springer

consider 2100 pC, which is the minimum discharge ampli-
tude, as the minimum amplitude for group A and B. In group
A, lots of discharges lower than 2100 pC is filtered, which
makes the N~ is less than N*. It has been proved that slot
PD is such a discharge which has smaller but more negative
discharges and bigger but less positive discharges [9].

The change of initial discharge phase of group A during
stage 2 is depicted as Fig. 9. The initial discharge phase of
Q7 is 17° after the first aging period. With time, the initial
discharge phase shifts to left and keeps constant in the 8th
aging period within the scope of the 4°-5°. Q™ has the same
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Fig.6 PRPD patterns of group B in different stages

tendency and the initial discharge phase keeps constant in
the 6th aging period within the scope of the 187°-186°.
When the temperature is up to 155 °C, the initial discharge
phase of Q™ and Q* is 1° and 180° respectively at the begin-
ning of aging. The reason for shifting of PD inception phase
can be summarized as follows: (1) electrons will be easier
to gain enough thermal energy to produce a successful ion-
izing collision during electronic avalanche on the condition
of higher temperature; (2) the modifications in the surface
conditions caused by electrical-thermal aging can directly
affect the electric field inside the air gap, and this field can

be much higher than the breakdown strength of air. This
can explain why slot PDs are always present under higher
temperature but dominant at room temperature. All the char-
acteristics prove that electrical-thermal aging plays a crucial
role in the insulation degradation.

The curves of NQS under different aging conditions are
shown as Fig. 10. It is evidently demonstrated that the NQS
has the trend of increase as a function of aging time and tem-
perature. Besides, the NQS is of slow growth during stage 2.
The NQS changes to 1.02 pA and 1.42 pA for group A and
B in stage 3, which is still over twice than 0.54 pA in stage

@ Springer



1292

Journal of Electrical Engineering & Technology (2019) 14:1287-1297

35000
30000 -
25000

O 20000 -
&
% 15000 -
e

3 10000

5000 -

L 1 1 1 1 L L 1 L L

L
2 3 4 5 6 7 8 9 10 11 12

PD Measurement Times

Fig.7 Q. of group A and B during different aging time

T T
—=—N"85°C
—e—N 85°C
—A—N'155 °C

—v—N'155°C

~
o
o

LU I B B B S B B N B R §

L L I L

5 6 7 8
Aging Time (3d)

01 2 3 4 9 10 11

Fig.8 Discharge repetition rate of group A and B during different
aging time

s 30 T T T T T

le]

5 25 R

@20 | .

&

RCING .

2

210 \\/. 7

=

[*]

g 5r \.\.\I/.\l 7

:‘_g 0 1 1 1 1 1

£ 0 2 4 6 8 10
Aging Time (3d)

g 210 T T T T T

k<]

s

2 200 - -

K-

o \

()

2 .

S 190 - e -

z \I—l\-/l\-_.

a

g 180 1 1 1 1 1

= 0 2 4 6 8 10

Aging Time (3d)

Fig.9 The change of initial discharge phase of Q™ (top) and Q* (bot-
tom) with the aging time for group A

@ Springer

10 T T T T T T T T [ T T T
—=—85C /,/
e~ ‘
2 s} r” 4
g
Zz 4r .
/./.‘-./
2 /I—l—l—'/. 7
O 1 1 1 1 1 1 1 1 1 1 1 1
0123 45%6 7 8 910111213

Aging Time (3d)

Fig. 10 The curves of NQS under different aging temperatures and
periods measured at 6 kV
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Fig. 11 The curves of Asymmetry under different aging temperatures
and periods measured at 6 kV

1. The change of NQS proves that electrical-thermal aging
increases the conductivity of insulation surface, which has
been proved in [13].

Figure 11 shows the curves of asymmetry under different
aging conditions. The ratio fluctuates between 1.15 and 1.35
when the temperature is 85 °C, and the ratio is up to 1.5-2.0
when the temperature is 155 °C. It is can be seen from the
curves that slot discharge is an extremely asymmetrical dis-
charge and the asymmetry is more obvious under a higher
aging condition.

4 Discussion

The asymmetry of slot PRPD pattern has been recognized
for a long time [15] and the change of signature with deg-
radation under electrical and mechanical stresses has been
published on [9], but very little has been published on the
change of slot PD characteristics under electrical-thermal
aging. In order to determine the role of degradation of slot
PD under different conditions and the ensuing PRPD pat-
tern changes, an accelerated aging experiment of HV motor
stator bars has been carried out. With the exception of the
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well-controlled electrical-thermal stress, the relative humid-
ity is considered and kept 30% during the experiment. It is
observed that electrical-thermal aging can make the insula-
tion surface and the iron core surface degradation. Both the
temperature and the surface degradation play a role in the
process of slot PD activity. However, slot PD activity is more
complex than initially anticipated and influenced by many
factors such as the temperature of the air gap between the
iron core and the insulation, the surface degradation and the
electrical field. From the results presented above for differ-
ent conditions of temperature and state of degradation, we
have tried to infer the influence of each of these factors on
the degradation mechanism of slot discharge. Analysis of
the results was difficult because of the interdependence of
each factor.

4.1 Slot PD Process

Before discussing the influences of mechanical abra-
sion, temperature and surface state on the slot discharge,
it should be noted that the electrical field resulting from
the phase-to-ground voltage and the field from the space
charges will promote the initiation and development of
the slot discharge [15]. As a result, a strong electric field,
which is higher than the breakdown strength of air, is pro-
duced on this region to induce the slot discharge. In our
experiment, a mock-up iron core is made to act as the cath-
ode. During the positive voltage half-cycle, the slot dis-
charge can be sustained because of the free electrons and
the positive ions. Accordingly, series of complex reactions

Fig. 12 The schematic diagram
of slot discharge in the positive
voltage half-cycle (a) and the
negative voltage half-cycle (b)

take place on the iron core surface. The positive ions, once
acquiring enough energy, will conquer the potential barrier
and reach the core surface. Those ions will strike the core
and create new free electrons and other ions. For another,
free electrons will be drawn toward the insulation and
trapped on its surface by the electric field, which leads
to the reduction of the electrical field and make the slot
discharge extinct once the field strength is reduced to the
extinction field strength. Since the surface conductivity of
the insulation is only about 10-16 S/square [16], surface
charges will merely spread over the discharge area and
electronic avalanches will be initiated in this area as well.
The schematic diagram is shown as Fig. 12a.

When the voltage turns to the negative voltage half-
cycle, the electric field will be higher than the breakdown
strength of air due to insulation surface charges accumulat-
ing. A large number of electrons, which is deposited in the
positive voltage half-cycle, will be released and become
available to initiate slot discharge for the insulation surface
acting as the cathode in this cycle. In this cycle, the elec-
trons and negative ions are accelerated not only by perpen-
dicular field toward the core but also by the tangential field
toward the edge of the bar’s semi-conductive coating [17].
The electrons will flow to the ground while the negative
ions will oxidize the iron core once they reach the surface.
Moreover, the positive ions will strike the insulation sur-
face as well, which will degrade the insulation, reduce the
electric field strength and extinguish the slot discharge.
The schematic diagram is shown as Fig. 12b.

AC Voltage

Stator Core

Air Gap
. I—>Insulation
> Copper
+ —
; PLO® (L PLOOO
P! EERURRREREE
' © BN EENN
‘:L/:)@ [ xidized ! ' ! !}
- 1 0

(a) the positive voltage half-cycle

(b) the negative voltage half-cycle
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4.2 Influence of Mechanical Abrasion

Mechanical abrasion of the bar’s surface is the intrinsic rea-
son to cause slot discharge. The semi-conductive coating
covered on the stator bars has the function of equalizing
the potential of windings and ground. Although there is air
gap between the bar and the iron core, no slot discharge
occurs on condition that the semi-conductive coating is
intact. However, stator windings will vibrate at twice the
power—frequency because of the huge electromagnetic force
during operation and the semi-conductive coating will be
abraded with time, which will produce potential difference
and form a strong electric field. The slot discharge takes
place finally. Figure 13 shows the PRPD pattern of a stator
bar without any abrasion, the most difference compared with
slot discharge is that the PRPD pattern is symmetrical and
the highest amplitude measured under 6 kV is 350 pC, which
is much less than that of slot discharge.

4.3 Influence of Surface State

In this section, the surface state includes the stator bar sur-
face state and the iron core surface state. The PRPD pat-
tern of Fig. 5a was measured after annealed and barely any
surface degradation occurred apart from abrasion. And
there is a sharp asymmetry in the positive and the negative
half-cycle for the asymmetric electric field of the metallic/
insulator bounded gap. Obviously, this is not the case for
non-abrasion surface, where only internal discharge occurs
owing to existing small voids inside the insulation. How-
ever, after electrical-thermal aging and a sufficient recovery
for winding insulation, the slot PRPD pattern is shown as
Fig. Se. The biggest difference compared with Fig. 5a is that
there is a rapid increased amplitude during the negative volt-
age half-cycle, while during the positive voltage half-cycle,
the discharge amplitude is almost no change. Since the two
PRPD patterns are measured under the same voltage and
temperature, the changes in PRPD patterns can be attributed
to the surface degradation of both the iron core and the bar.

350 .

300

0 45 90 135 180 225 270 315 360
Phase deg.

Fig. 13 PRPD pattern of stator bar without any abrasion measured
under 6 kV

@ Springer

Table 2 shows the PD parameters of Fig. Sa, e, which
has eliminated the internal discharge (Q, <350 pC).
Obviously, very little slot discharge occurs after stage 1,
especially during the positive voltage half-cycle. However,
after electrical-thermal aging, the surface of insulation
is degraded and the slot PD activity is easier to induced.
Accordingly, the long term aging accelerate the surface
degradation and promote the development of slot discharge
activity.

It is a common knowledge that ozone and oxynitride will
be generated as a consequence of the reactions between
oxygen and nitrogen during partial discharge and these spe-
cies can degrade the insulation surface and oxidize the iron
core surface [9]. Figure 14 shows the changes of insulation
and iron core surfaces before and after aging. Because of
the heat, the insulation surface and the iron core surface

Table 2 Discharge repetition rate and NQS of group A before and
after aging

Aging conditions Before aging After aging
N* (n/s) 157 1171

N~ (n/s) 4.52 595

NQS* (pA) 6.46x10* 8.31x10°
NQS™ (pA) 116 2.57x10°

(a) The change of stator bar surface after aging

4
£/

Oxidation Area

(b) The oxidation area of the iron core observed after aging

Fig. 14 The change of winding surface and stator core surface before
and after aging
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show signs of electrical-thermal aging with changes of the
insulation and the iron core. The color of insulation surface
becomes deeper and the iron core surface is oxidized to red-
dish. The oxide layer will weaken the ability of conductivity
and electron emission dramatically, which will reduce the
effectiveness of ionization on the iron core surface.

The availability of electron emissions from the oxidized
iron core surface is reduced since the surface is more resis-
tive as the function of aging time, slot discharge in the posi-
tive voltage half-cycle will be induced more from the edge
of the abrasion area and the tangential field will become
stronger and stronger, thus resulting in a higher cluster dis-
charge in the positive voltage half-cycle as shown in Figs. 5
and 6. With time, the conductivity of insulation surface
increases because of its degradation, which enhances the
mobility of electrons over the area of discharge surface.
Besides, the electrons will release over a larger area as the
result of the increased conductivity. During the negative
voltage half-cycle, the iron core acts as the anode and the
electrons flow from the insulation surface to ground no mat-
ter whether the core is oxidized. In addition, other negative
ions react with the iron core, which will oxidize the iron core
surface and decrease its conductivity in turn.

4.4 Influence of Temperature

Many studies have clarified that temperature has a signifi-
cant impact on partial discharge activities [17—-19]. The well-
known temperature effects are the increase in the quantities
of initial electrons and ionization efficiency when the elec-
tron’s thermal energy increases. On the other hand, ozone
production will be reduced and nitrous oxide formation will
be increased when the temperature of the air gap increases,
which will lead to surface degradation [20]. Over time, sur-
face degradation will increase the conductivity of the insula-
tion and reduce that of the iron core, which will lower the
availability of electrons and change the distribution of the
electric field inside the air gap. Hence, the change of slot
discharge PRPD pattern is effected by surface degradation
and increase activity with temperature, and it is very difficult
to determine which one of the two is more important for the
change in PRPD pattern.

In the experiment conducted in our laboratory, the PD
parameters of the same stage but under different aging tem-
peratures are shown as Table 3. All parameters at 155 °C
are much higher than those at 85 °C, which proves that ther-
mal aging has a significant effect on slot PD activity. With
time, the slot discharge amplitude is increased at first and
then decreased, as shown in Fig. 7. The likely reason for
this is that high temperature increases the electronic ther-
mal energy and improves the efficiency of ionizing colli-
sions. As a result, both the positive and negative discharge
parameters increase. However, the oxidization of the iron

Table 3 Discharge repetition rate and NQS of PD4 for both group A
and B

Aging conditions Group A Group B
N* (n/s) 411 551

N~ (nfs) 113 732
NQS™ (pA) 1.35x 10° 3.91x10°
NQS™ (pA) 2.92x10° 3.14x10°

core surface is more violent under high temperature, which
decreases the ability of conductivity and electronic emission
and lower the negative discharge. Nevertheless, the impact
of temperature and oxidization is intertwined, which makes
the discharge regularity complex and hard-to-predict. On
the other hand, the asymmetry of slot discharge is increased
with the increase of temperature, which is also attributed
to the above reasons. In the previous study conducted by
Claude Hudon [20], it has been justified that a reduction in
slot discharge will take place owing to thermal expansion
of stator winding under high temperature. Nevertheless, in
our experiment, it has been found that the thermal expansion
is less 120 pm measured by micrometer when the thermal
aging of 155 °C comes to an end at once and the slot dis-
charge is not reduced. The likely reason for these differ-
ences is that the increased discharge by ionizing collisions
is much larger than the reduced discharge by thermal expan-
sion. Therefore, temperature accelerates the intensity of slot
discharge overall and the reduction of negative discharge in
the preceding analysis can be neglected, especially under a
higher temperature.

5 Conclusions

From the experimental investigations and analysis carried
out on electrical-thermal accelerated aging of HV motor
stator bars, the following conclusions can be concluded:

1. The slot PRPD patterns have different geometric shapes
in different aging stages, while these geometric shapes
have a great similarity in the same aging stage.

2. The slot discharge activities are increased at first and
then decreased as the function of aging time and influ-
enced by the temperature of the air gap, the surface deg-
radation and the electrical field in a synergistic way.

3. The NQS increases gradually with time, while the
growth of NQS is not linear but partitioned, and the
number of partitions is increased with the increase of
temperature.

4. The slot PD has an obvious asymmetry in positive and
negative voltage half-cycle, and the asymmetry is more
conspicuous with the increase of aging temperature.
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