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Influence of pressure on the PD and induced 
aging behavior of polyimide insulation under 

repetitive pulse voltage 
 

Changjiang. Zheng, Qian Wang, Zhan Shen, Claus Leth Bak, Filipe Faria da Silva and Huai Wang 

Abstract—Reduction of air pressure can influence  
insulation material’s behavior with respect to resisting partial 
discharge (PD) generation and its induced aging process. 
This may bring threat to the insulation reliability of medium 
frequency transformers working under low pressure 
condition, considering they are exposed to high probability 
of PD inception caused by PWM voltage. Aiming at 
investigating the performance of insulation of medium 
frequency transformer being operated in an environment 
with a decreasing pressure, this paper introduces a test 
system that can conduct partial discharge and endurance 
lifetime tests under repetitive pulse voltage and controlled 
pressure. Using this test system and focusing on polyimide 
film, which is one of the main insulation materials used by  
medium frequency transformers, partial discharge and 
endurance lifetime tests are conducted under different 
pressures. The results show that partial discharge inception 
voltage decreases with decreasing pressure. However, the 
changing of partial discharge magnitude, time lag and its 
induced insulation lifetime do not change monotonously. 
Surface of the failed insulation samples show that the 
erosion area caused by partial discharge is larger under 
lower pressure. The mechanisms behind the changing of 
partial discharge time lag, discharge magnitude, endurance 
lifetime, along with the discharge eroded area with pressure 
are discussed in detail. 

Index Terms— Medium frequency transformer, partial 
discharge (PD), Low pressure, polyimide, Insulation aging 

I. INTRODUCTION 
n many modern power electronic systems, transformers are 
necessary for voltage scaling up/down and electrical isolation. 
These transformers are usually called medium frequency 

transformer for they usually work with PWM voltage with 
frequency higher than 50/60 Hz power frequency [1]. With this 
higher working frequency, the core of the transformer can reach 
smaller size, which gives rise to lower manufacturing costs. Also, 
combined with power electronic switches, medium frequency 
transformers have higher controllability. Because of these 
advantages, medium frequency transformers are widely used in 
modern power electronic applications, such as railway traction, DC 
grids, etc.  

Working under PWM voltage with short rise time, overvoltage 
can be induced in the winding of the electrical devices such as 
motors and transformers and the probability of partial discharge 
(PD) inception would be higher. Continuous PD can degrade the 

 
 

insulation material quickly and lead to premature breakdown [2].  
Studies on the insulation failure mechanism under 

continuous PDs show that environment factors can affect the 
PD behavior and its aging speed on the insulation [3]. Among 
these factors, pressure is very important. According to the 
Paschen Curve in Fig. 1, if the distance of the air gap remains 
the same, before reaching the critical point (minimum 
breakdown strength), breakdown strength of gaseous dielectrics 
will be reduced with the reduction of pressure [4]. Paschen 
curve is obtained under uniform electric field. Yet, whether the 
field is uniform or not, the influence of reducing air density on 
the air’s dielectric strength is still the same. Therefore, similar 
phenomenon can be expected also under non-uniform filed. For 
solid insulation with air ducts as defects, the change of 
breakdown strength of air can directly affect its insulation 
reliability to resist PD inception. In addition, the reducing of 
gas density can also affect the mean free path of charge (or 
electron), which can in turn affect the discharge intensity.  

 
Fig. 1. Paschen Curve 

(a) 

 
(b) 

 
Fig. 2. Possible PD region in the winding of the transformer: (a) With 
additional inter layer/winding insulation. (b) Without additional inter layer 
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insulation. 

For medium frequency transformers, the effect of pressure 
is a practical problem. Some medium frequency transformers 
are working in high-altitude area and recently aircrafts are 
relying more on power electronic systems in which 
transformers are usually applied [5]. Besides, unlike the 
conventional transformer that usually use oil-paper insulation, 
medium frequency transformers usually use dry-type 
insulation. Thus, air ducts may exist between adjacent winding 
layers or adjacent windings where lies a high voltage drop and 
are more likely to be the source of PD. One of the examples can 
be seen in Fig. 2(a), the conductors of the upper side and down 
side may belong to adjacent layers of a winding or belong to 
different windings. Strong electric field due to high voltage 
drop and dielectric refraction would concentrate on the places 
where the red arrows point at, leading to a PD that can erode the 
surface of the insulation film. For the sake of a compact design, 
some of the medium frequency transformer may not apply an 
additional inter-layer insulation. If the gap between the 
conductors of adjacent winding layers is not enough like in Fig. 
2(b), PD is more likely to be triggered and cause greater threat 
to the insulation film that directly covers the conductor. If the 
pressure goes lower in these abovementioned air ducts, the 
probability of PD inception may be even greater.   

Previous studies focusing on pressure’s effects on PD 
behavior and its induced aging process provide some 
information and reference for the future insulation studies in the 
field of medium frequency transformer. In [3], the author finds 
lower pressure give rise to lower PDIV and shorter lifetime with 
presence of PD. Under high pressure, before the breakdown, PD 
energy shows larger variety along with the aging than that under 
low pressure. In [6], PDIV tests are conducted on the voids in 
epoxy. The author finds that with the size of void fixed, for the 
P*d around the critical point of Paschen curve (alike depicted 
in Fig. 1), the test result is usually higher than the calculated 
one. This may be due to the reason that under these low 
pressures, when the voltage magnitude reaches the calculated 
PDIV, the PD intensity is too weak (well below the noise) to be 
detected by the traditional current sensor [7]. Higher voltage 
magnitude is needed to generate PDs strong enough to be 
detected, which leads to an unprecise result. Authors in [7] also 
analyze the PD light waveform and find that when the pressure 
goes below 260 Pa, the rise time of the PD waveform increases 
obviously. They propose the speculation that PD type changes 
from streamer discharge into Townsend discharge when 
pressure goes extremely low. In [8], the authors conduct PD 
experiments on gas dielectrics including air, He and Ar. Under 
non-uniform electric field provided by different electrode types, 
the shapes of PDIV-pressure curves under different gas 
dielectrics all agree well with the Paschen Curve. Larger PD 
glow can be observed under lower pressure, which indicate that 
PD volume expands with the decreasing of pressure. Literature 
[9] measures the space charge density during the corona 
discharge under different pressures. Results show that, more 
space charge would be produced under lower pressure. Since 
stronger discharge causes stronger ionization and creates more 

space charge, the author believes that low pressure can give rise 
to stronger PD intensity. Literature [10] observes the number of 
the PDs under extremely low pressure condition. With pressure 
drops from 100 Pa to 3 Pa, the number of PDs during the same 
time interval decreases. Literature [11] proposes comparative 
simulations of PD features under one atmosphere pressure (1 
atm) and a half atmosphere pressure (0.5 atm). With 0.5 atm, 
although the individual PD intensity is weaker than that under 
1 atm, the occurrence rate of PD is doubled. This makes the 
total amount of charge per cycle under 0.5 atm obviously larger 
than that under 1 atm. Literature [12] conducts PD aging tests 
on the PCB board under different pressures. It finds that growth 
rate of silicon coating surface crack due to PD erosion is 
obviously faster under lower pressures.  

Since changing of PD features with pressure can affect the 
accuracy of PD monitoring and the long term reliability of 
different kinds of insulation, these above-mentioned studies 
remind the field of medium frequency transformers of the 
necessity to pay attention to the influence of the pressure.  
However, studies in [3, 6-12] are conducted using traditional 
power frequency sinusoidal voltage or DC voltage, of which the 
frequency and voltage rise time is very different from that of 
PWM voltage. With different voltage parameters, the influence 
of pressure on the PD feature (including the magnitude and 
phase distribution) may also be different [13]. Comparative 
studies between PWM voltage and sinusoidal voltage are 
conducted in [14]. Under sinusoidal voltage, with pressure 
decreasing, the main energy distribution of PD signal would 
shift to lower frequency range. While under PWM voltage, PD 
energy distribution in frequency domain shows no obvious 
change with decreasing pressure. Therefore, conclusions from 
the studies using AC sinusoidal voltage or DC voltage cannot 
be used directly for studies on the insulation working under 
PWM-like pulse voltage. 

There are a few research regarding effects of pressure on PD 
behaviors induced by pulse voltage. Literature [15] proposes 
PD inception tests under different pressures using pulse voltage 
and find that with lower pressure, repetitive PDs can be 
generated with lower voltage magnitude. In [16], a FEM model 
is proposed to simulate the PD characteristics under pulse 
voltage and different pressures. According to the simulation 
results, with the decreasing of the pressure, longer time has to 
be waited for the PD inception, while PD duration time and PD 
true charge are both higher under lower pressures. The study 
object is the cavity in the silicone gel used for the 
IGBT/MOSFET module’s package. Although its geometric and 
dielectric properties are quite different from the insulation of 
transformers, the study indicates a stronger PD erosion when 
pressure is lower, which should not be ignored for the insulation 
design of other electrical devices. In [17], PD studies on the 
trench of PCB board under different pressures are conducted 
under unipolar pulse voltage. Both PD magnitude and number 
of PDs per minute become larger when pressure decreases. This 
trending keeps the same whether the pulse voltage is positive or 
negative. These literatures remind the possibility of greater PD 
threat under lower pressure for other electrical devices like 
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medium frequency transformer working under PWM-like 
voltage and necessity of more studies. For the first step, 
systematic investigation on pressure’s effect on the insulation 
material that is usually applied in medium frequency 
transformers is needed. 

This paper builds a test system with abilities to generate 
repetitive pulse voltage, conduct PD detection and create low 
pressure condition. Based on this system, under different 
pressures, PD and endurance lifetime tests on the polyimide 
film, which is usually used for the insulation of medium 
frequency transformer [18], are conducted. Change trending of 
the PD inception, PD features and endurance lifetime with 
pressure drops from 1 Bar to 0.3 Bar are shown and the 
mechanism for the results are discussed in detail. These above 
results reveal that polyimide film suffers from greater risk of 
PD inception and deterioration when pressure decreases within 
the above mentioned range, which indicates the necessity of 
similar studies on the whole medium frequency transformer 
prototype or transformer related insulation structures.  

II. EXPERIMENT SETUP 
To investigate the influence of pressure on the medium 

frequency transformer’s insulation reliability, PD and endurance 
lifetime tests on the insulation sample under different pressures 
should be conducted. To realize these experiments, a test system is 
needed. This system should be able to generate repetitive pulse 
voltage and create low pressure circumstances (since this study 
focuses on the PD and its aging process on insulation working 
under high-altitude area or aircrafts, the pressure higher than sea 
level pressure is not considered) and detect PD with high accuracy. 
This section introduces the test system and experiment parameters 
in detail. 

 
Fig. 3. Pulse voltage generator based on a half bridge power electronic 
power module 

 
Fig. 4. Repetitive pulse volage waveform with 1 kV peak value and 1 
kHz frequency 

A. PULSE VOLTAGE GENERATOR 
To conduct PD and aging studies, a voltage generator is needed 

to generate a pulse voltage that can simulate the medium frequency 
and short rise time of the PWM voltage. In this paper, a pulse 
voltage generator is built based on a half-bridge power electronic 
module. Seen in Fig. 3, a HVDC source is applied as high voltage 
input, while a capacitor is used for DC voltage stabilization. The 
resistor is used for regulating the pulse voltage rise time and 
restricting the output current to prevent the module from 
overheating. The half bridge module is powered by a 25 V DC 
source and triggered by a 5 V pulse generator. This generator can 
produce repetitive unipolar pulse voltage. A typical output 
waveform of this pulse voltage generator can be seen in Fig. 4.  

 
Fig. 5. Pressure tank and the electrodes inside 

                                      (a) 

 
                             (b) 

 
Fig. 6. Electric field distribution of the sphere-plate electrode: (a) Overall 
electric field distribution; (b) Zoom in of the air duct close to the contact 
point 
B. PRESSURE CONTROLLING 

A pressure tank seen in Fig. 5 is used to control the pressure 
for the experiments. By pumping out gas through the outlet 
valve, it can change the pressure inside from 1 Bar 
(corresponding to 100 kPa) to 0.3 Bar (corresponding to 30 
kPa). A sphere-plate electrode is placed inside for fixing the 
insulation film. The sphere electrode with 20 mm diameter is 
added with HV output while the plate electrode with 75 mm 
diameter is connected to ground. When voltage is added on the 
insulation sample, the electric field distribution can be briefly 
expressed by Fig. 6. The density of lines represents the electric 
field intensity. It can be seen that the electric field distribution 
is not uniform and the air duct close to the contact point suffers 
from strongest electric field, where PD may be induced. This 
PD can break through the air duct and touch the insulation 
surface. As it can be seen in Fig. 6(b), dielectric refraction 
would happen in the interface between the air and the insulation 
film, which changes the direction of the lines and enhance the 

HVDC 

GND 

25V
C

+ -
Output 

LV Pulse 

Module

Resistor

0.5          1         1.5          2         2.5          3         3.5

0

0.2

0.4

0.6

0.8

1

Time (ms)

V
ol

ta
ge

 (k
V

)

HV input

GND
Sample

PD region

Contact point

Contact point Region 2

Air gap distance inceases
Region 1

Region 3



4 
IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION 
 
electric field intensity in the air duct a little bit. As described in 
the Introduction and Fig. 2, for medium frequency transformers, 
PDs are likely to happen in the air duct between turns belonging 
to adjacent winding layers or different windings. These PDs can 
break through the air duct and cause erosion on the surface of 
insulation film. Therefore, this sphere-plate electrode is suitable 
for analyzing the PD behavior and its induced aging process on 
the insulation film used by the medium frequency transformer 
with the assumption that the electrical overstress already exists.   

 
Fig. 7. Gain of the UHF antenna 

C. PD DETECTION 
According to studies on PD detection, under pulse voltage 

with short rise time (from tens of ns to several μs), strong 
interference would be caused by the on-off of the power 
electronic switches. This would make traditional detection 
method such as current sensor or high frequency current 
transducer (HFCT) unreliable to figure out the PD signal. Yet 
difference exists in the energy distribution in frequency domain 
among PD and interference signals. For the interference, most 
of its energy lies below 400 MHz. While for PD, its energy can 
spread up to more than 1.5 GHz [19]. Therefore, an Ultra-High-
Frequency (UHF) antenna is the best choice for PD detection 
under PWM voltages. The gain of the UHF antenna used in this 
study is shown in Fig. 7. In frequency range from 500 MHz to 
1.5 GHz, its gain is more than 2 dB. To further reduce the 
interference, a 400 MHz – 3 GHz band-pass filter is connected 
to the antenna’s output interface. The waveform detected by 
this antenna with filter is shown in Fig. 8. The magnitude of the 
interference has been attenuated to around 1 mV while the PD 
signal can be detected effectively. Since the antenna detects the 
electromagnetic wave signal radiated by PD, to avoid too much 
attenuation when it travels through the air, the antenna is placed 
with distance of around 8 cm from the pressure tank (seen in 
Fig. 9). 

With these above-mentioned devices together with control 
and data processing unit, the test system is constructed, as 
shown in Fig. 10. The computer is used for controlling the HV 
pulse voltage generator’s output voltage magnitude and 
frequency, and for overcurrent protection (combined with 
current sensor) 
            
 
 
 
            (a) 

 
            (b) 

 
Fig. 8. Waveform detected by antenna with filter: (a) PD happens; (b) 
No PD happens. 
 

 
Fig. 9. UHF antenna 

 
Fig. 10. Test system 

D. INSULATION SPECIMEN 

The insulation specimen used for the tests is the Kapton 
polyimide film. This insulation material is often used in the 
medium voltage electric devices such as motors and 
transformers. The thickness of the film is 0.05 mm and all the 
specimens for the tests are cut into square shape with 3 cm side 
length. Before the experiments, all specimens are cleaned by 
alcohol and dried in the oven for 24 hours.   
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E. EXPERIMENT PARAMETERS 

Although overcurrent protection is available for the test 
system, to avoid a too high impulse current due to expected 
breakdown in endurance test or unexpected breakdown in other 
tests, the resistance of resistor in Fig. 3 is set as 1kΩ. Since the 
resistor is connected in serial with the insulation sample, the 
time constant τ of output pulse voltage would mainly be decided 
by the resistance and the insulation sample’s capacitance, 
expressed as τ=RC. Because of this, the rise time of the pulse 
voltage is 250 ns and would be kept unchanged. Before the PD 
and endurance tests, PDIV test under sea level pressure is 
conducted in advance and the average value of the PDIV is 1.3 
kV. To analyze the statistical PD features and PD’s aging on 
insulation material, repetitive PDs should be generated during 
each voltage cycle, which means the voltage magnitude added 
on the insulation sample should be higher than PDIV. For a 
single transformer, although the environment condition may 
change, it usually works under a certain voltage rating. 
Considering these two factors, peak voltage value for the 
following PD feature and endurance tests is kept as 1.96 kV, 1.5 
times the average PDIV value under sea level pressure. 
Different pressure values from 1 Bar to 0.3 Bar are chosen for 
the comparative studies. The detailed parameters for the 
PDIV/PD experiments are listed in Table 1. For the endurance 
lifetime tests, the voltage frequency is increased into 2 kHz to 
accelerate the aging speed while other parameters are the same 
as that in Table I. 

Table I 
PARAMETERS FOR PDIV AND PD FEATURE TESTS 

Group Rise 
time Frequency Pressure Voltage peak value 

(For PD tests) 
1 

250 ns 1 kHz 

1 Bar 

1.96 kV 

2 0.9 Bar 
3 0.8 Bar 
4 0.7 Bar 
5 0.6 Bar 
6 0.5 Bar 
7 0.4 Bar 
8 0.3 Bar 

 
Fig. 11. PDIV under different pressures 

III. EXPERIMENT RESULTS 

A. PDIV EXPERIMENTS 
For the PDIV tests, the oscilloscope is set as single step trigger 

mode, voltage magnitude is raised slowly with 10 V/s until the 

PD is triggered like Fig. 8(a), then the PDIV value is defined as 
the peak value of pulse voltage when the first PD is triggered. 
5 specimens are used in each group of Table I. Then statistical 
PDIV values under different pressures are shown in Fig. 11. It 
is clear that PDIV decreases monotonously with pressure 
decreasing. Although for the sphere-plate electrodes, the 
electric field distribution in the air duct is non-uniform, the 
results show trending similar with Paschen’s Curve that is 
obtained under uniform electric field. 

 
Fig. 12 PD generated by repetitive pulse voltage 
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         (d) 

 
         (e) 

 
       (f) 

 
      (g) 

 
      (h) 

 
Fig. 13. Time resolved PD pattern under different pressures: (a) 1 Bar; 
(b) 0.9 Bar; (c) 0.8 Bar; (d) 0.7 Bar; (e) 0.6 Bar; (f) 0.5 Bar; (g) 0.4 Bar; 
(h) 0.3 Bar. 

B. PD FEATURES 
Seen as Fig. 12, PDs are generated on the rising/falling edge 

of the pulse voltage, or at least close to the pulse edges. No 
obvious PD can be found on the rest of the plateau regions of 
the pulse voltage. Under symmetric pulse voltage with 50% 
duty cycle, the statistic PD features around both the rising edge 
and falling edge are very similar [20]. Therefore, in the 
analyzing of PD feature under different pressures, we focus on 
the PDs generated around the rising edge. In order to get 
statistical PD features, 300 cycles of data are collected through 
the oscilloscope. Time resolved partial discharge patterns are 
plotted in Fig. 13. It can be seen that in most of the situations 
(from 1 Bar to 0.5 Bar), PDs show a similar distribution with 
three clusters. We divide the PDs into three groups according 
to which cluster they belong to as shown in Fig. 13(b). In the 
first group, PD happens at around 100 ns after the zero point of 
pulse voltage. In the second group, PD happens at around 170 
ns after the zero point while the third group of PD at around 270 
ns. We define the instantaneous voltage value when PD 
happens as PD firing voltage, then it is sure that the second 
group of PD has higher PD firing voltage than the first group. 
However, although PD magnitude shows a great variety 
(randomness) even under the same voltage and pressure 
condition, statistical PD magnitude of the second group is lower 
than that of the first group in most of the situation (from 1 Bar 
to 0.6 Bar). Apparent discharge q is one of the important factors 
to determine the PD intensity [21]. For analyzing the PD that 
bridges air duct between the sphere electrode and the insulation 
surface in our experiments, we can regard the air duct as a 
capacitor and estimate the q through Equation (1). 
                                        (1)c iq C V C h f E= =     

Where Vc is the applied voltage value when PD happens, C is 
the capacitance of air duct, ℎ is the height of the air duct. While 
f is field enhancement factor. In the region that PD is possible 
to be triggered, voltage is added between two dielectrics, air and 
polyimide. Since permittivity of polyimide is much higher than 
that of air, an enhancement of electric field is present in the air 
duct [4]. Notice that in Fig. 6, the air duct height is not constant 
from the contact point to outer area. Also, the bottom side of the 
air duct is not contacted with the metal plate electrode but with 
the insulation film. These factors make the values of C and f 
difficult to be determined. So (1) can only be used for a rough 
estimation. The total electric field strength Ei can be expressed 
as Ea-Eq, where Ea is the applied electric field and Eq is the 
electric field produced by surface charge, which usually has 
polarity opposite to Ea.  

Seen in Fig. 6, starting from the contact point, if the distance 
goes longer, the air duct length d is also longer. This means 
under the same added voltage, the electric field intensity is 
lower according to E=U/d. Therefore, higher added voltage 
amplitude is needed for longer air duct to meet breakdown. 
Then the PD situation can be analyzed approximately by simply 
dividing the air duct into three regions shown in Fig. 6(b). This 
separation is based on breakdown voltage of air duct 
(corresponds to partial discharge inception field Epdiv multiplied 
by d). For region 1, the breakdown voltage is lower than 1.58 
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kV. For region 2, the breakdown voltage lies from 1.58 kV to 
1.7 kV. For region 3, the breakdown voltage is higher than 1.7 
kV. These breakdown voltage value ranges cover the ranges of 
PD firing voltages in the three PD groups (seen from Fig. 14) 
respectively. Notice that, after the electric field intensity of air 
duct exceeds the Epdiv, for triggering the PD, there is a time 
delay Δt to be waited for the presence of initial electron (this 
process is not affected by pressure) and the forming of electron 
avalanche. This factor may make the Ei when PD happens 
different from Epdiv. And the decreasing of pressure can make 
the time for forming the electron avalanche longer (this would 
be discussed in detail in section IV). Yet, in relatively high 
pressure range (higher than 0.4 Bar), the total Δt would not be 
very long, the practical breakdown voltage of these three air 
duct regions lies within the above-mentioned breakdown 
voltage value ranges correspondingly. During the pulse voltage 
rising edge, the electric field of region 1 would exceed the 
partial discharge inception field Epdiv at first. This mainly 
contributes to the first group of PD. When the voltage 
instantaneous value continuous to increase to more than 1.58 
kV (150 ns from the zero point), the E-field in region 2 can 
reach the Epdiv and triggers PD mainly in the second group. Due 
to stray parameters of the power electronic modules and the 
resistor in Fig. 3, the rising edge of the pulse voltage is not a 
smooth curve. Zoom-in of the pulse voltage rising edge is 
shown in Fig. 14. For the PD happens in region 1, during Δt, 
the voltage keeps rapid rising and give rise to a higher Ei when 
PD is triggered. While for the second group of PD happens in 
region 2, during Δt, the voltage shows no obvious increasing 
and even drops a little bit, which give rise to a relatively lower 
Ei. This is the reason why second group of PD usually has lower 
magnitude compared to that of first group. When the voltage 
further rises to exceed the Epdiv of region 3, the PDs of this 
region that mainly form the PDs in the third group can be 
triggered. Seen from Fig. 14, in this time range, voltage also 
keeps rising, and due to a longer air gap distance, longer time 
delay Δt is needed for forming the electron avalanche. These 
factors make Ei higher when the third group of PD happens and 
give rise to stronger PD intensity. It should be noticed that, 
although the situation of PDs in the three regions of Fig. 6(b) 
mainly contributes to the PD pattern shown in Fig. 13 from 0.9 
Bar to 0.5 Bar, it does not mean that the PDs in these three 
regions fully correspond to the PD groups in Fig. 14. A typical 
exception can be found in Fig. 13(a). With 1 Bar pressure, the 
PDIV is highest, while we conduct all the PD feature tests under 
the same 1.96 kV peak voltage value. This means under 1 Bar, 
the overvoltage compared to the PDIV is relatively lowest. This 
may lead to a result that less PD can happen in the first group 
(in the time region of first group in Fig. 14, pulse voltage 
instantaneous value is not very large) even in region 1 while 
more PDs on the third group. In this situation, the PD in the 
third group would not only be the PD happens in region 3, but 
also in region 2 and region 1.   

Taking one of the regions of the air duct in Fig. 6(b) as an 
example, the change of the electric field strength is similar with 

that proposed in [2] and can be expressed by Fig. 15. At first, 
the Ei increases along with the rising edge of the applied electric 
field Ea and exceeds Epdiv. After the generation of initial 
electron, the PD happens. Then a large amount of surface 
charge deposit on the insulation surface, which formed Eq with 
an opposite direction to Ei. Thus, Ei is reduced to Eres1= Ea-Eq 
that is smaller than Epdiv. Afterwards, the applied Ea reaches the 
plateau region and stops increasing. Although due to the 
insulation material’s surface conductivity, some of the surface 
charge would be dissipated, it would not be enough for the Ei to 
exceed the Epdiv again before meeting the falling edge. When 
the Ea meets the falling edge, Eq is still very strong. The absolute 
value of Ei= Ea-Eq reaches a high value and exceeds the Epdiv in 
an opposite polarity. Then, another PD happens and Ei 
decreases into Eres2. When the next cycle of pulse voltage 
comes, the above-mentioned process repeats. This is why PDs 
are mainly incepted around the rising/falling edge.  

 
Fig. 14. Zoom in of rising edge of the pulse voltage 

To show the changing of statistical PD magnitude and time 
lag more directly, box-charts of PD magnitude and PD time lag 
are plotted in Fig. 16 and Fig. 17 respectively. Note: the 
definitions of PD magnitude and time lag are shown in Fig. 8 
(a). We can see that PD magnitude increases with pressure 
decreases from 1 Bar to 0.4 Bar. Yet, when pressure drops from 
0.4 Bar to 0.3 Bar, PD magnitude decreases. When air pressure 
is larger than 0.7 Bar, PD time lag decreases with pressure 
decreasing. When pressure is lower than 0.7 Bar, PD time lag 
increases with pressure decreasing. When pressure change from 
0.4 Bar to 0.3 Bar, there is a tremendous increase in time lag. 

C. LIFETIME 
In the lifetime tests, specimens are added with pulse voltage 

until the final breakdown. 5 specimens are used in each group 
of Table I to get a set of statistical lifetime data. Fig. 18 shows 
the results.  Although the lifetime of polyimide film is of a bit 
variety, in the range from 1 Bar to 0.4 Bar, we can see an overall 
trending that endurance lifetime decreases with pressure 
decreasing. This is in accordance with the changing of PD 
magnitude. When the pressure drops to 0.3 Bar, the statistical 
lifetime is longer than that under 0.5 and 0.4 Bar, and its 
average value is even longer than that under 0.7 Bar. Fig. 19 
shows the eroded areas of the specimen aged under 1 Bar, 0.4 
Bar and 0.3 Bar. For the sake of observing under the same lens, 
other parts of these aged insulation films are cut off. Under 
continuous PDs generated by the pulse voltage, polyimide 
molecules matrix would be degraded gradually. Some of the 
chemical bonds like C-N-C bond in imide ring and C-H bond 
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in aromatic ring would be destroyed in advance, and then 
followed by other stronger bonds [22]. The above mentioned 
aging process forms an unsmooth low density region of 
byproducts on the surface of  insulation film as seen in Fig. 19. 
Cavities may exist in these eroded areas. In addition, some 
byproducts with higher conductivity such as amic acid and 
nitric acid would be generated, which make surface 
conductivity of the PD eroded area higher [22]. This increased 
surface conductivity can help dissipate the surface charge faster. 
Then, PD number during the first stage of aging process 
decreases since the surface charge is one of the main sources of 
initial electron [23]. However, with further PD aging, the 
roughness of the eroded area with cavities can distort the 
electric field distribution, making PD stronger and easier to be 
incepted. The specimen aged under 1 Bar has only a small circle 
eroded around the contact point. While for the specimens aged 
under low pressure condition (0.4 and 0.3 Bar), the eroded area 
is larger and can be divided into inner circle and outer circle. 
The inner circles of these specimens are rougher than that aged 
under 1 Bar, which indicate a more serious erosion. It can also 
be noticed that the outer circle aged under 0.3 Bar is larger than 
that under 0.4 Bar. This implies the PD expands to larger area 
though the PD magnitude under 0.3 Bar is relatively lower. 

 
Fig. 15. Changing of the electric filed during the pulse voltage 

application 

 
Fig. 16. PD magnitude under different pressures 

 
Fig. 17. PD time lag under different pressures 

 
Fig. 18. Endurance lifetime under different pressures 

 
Fig. 19. Eroded area aged under 1 Bar (left), 0.4 Bar (middle) and 0.3 
Bar (right) 

IV. DISCUSSIONS 

In this section, the mechanism of changes of PD features and 
endurance lifetime with decreasing of pressure would be 
explained in detail.  

A. PD TIME LAG AND MAGNITUDE 
For triggering PD, two conditions should be fulfilled, one is 

that the electrical field strength of the air duct Ei exceeds Epdiv, 
another is the presence of the initial electron to lead the electron 
avalanche. So, the total time lag for the PD can be divided into 
2 parts expressed by Fig. 20. A time lag t1 should be waited for 
Ei to reach Epdiv and another statistical time delay Δt is needed 
for the generation of initial electron and the forming of electron 
avalanche. If the pressure goes lower, Epdiv decreases, then the 
Ei can reach Epdiv earlier (t1 decreases). This factor can cause PD 
happens with a shorter total time lag when pressure decreases 
in high pressure range (in this case, above 0.7 Bar). Yet, when 
air pressure decreases, the gas density N is lower, then the 
number of molecules that can be ionized is reduced. Distance 
between these molecules is longer and the electron mean free 
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path increases. This means longer Δt is needed for forming the 
electron avalanche. Therefore, Δt is increased. Under low 
pressure range, (in this case, below 0.7 bar), the prolong of 
electron avalanche plays a dominant role in determining the PD 
total time lag. When the pressure further drops to 0.4 Bar, the 
time for forming the avalanche becomes so long that the first 
and second groups of PDs cannot be triggered under the same 
electrical stress. So, the time resolved PD pattern under 0.4 Bar 
in Fig. 13(g) is completely different from that under higher 
pressures. It is known from the Paschen Curve (seen in Fig. 1) 
that the breakdown voltage of air duct is affected by air duct 
length d times pressure p [4]. If d is very short and p is already 
very low, with further decrease of p, the breakdown voltage of 
air duct would be raised from the critical point. Therefore, when 
pressure drops from 0.4 Bar to 0.3 Bar, a part of region 1 
(closest to the contact point) in Fig. 6(b) meets an increase in 
breakdown voltage (corresponds to Epdiv multiplied by d), i.e. 
the product of p and d in this part of region 1 falls to the left 
side of the critical point in Pachen’s curve. So, PD is less likely 
to be triggered in this place. However, for the rest regions of the 
air duct, the product of p and d still lies on the right side of the 
critical point, which makes PDIV lower when pressure 
decreases. Meanwhile, compared with that in region 1, the 
distance of PD in other regions is longer, which can be 
expressed in Fig. 21. Both the increasing of PD distance and the 
decreasing number of air molecules prolong the time for 
forming the electron avalanche, which cause a tremendous 
increase in PD time lag when pressure drops from 0.4 Bar to 0.3 
Bar. 

 
Fig. 20. PD time lag 

 
                (a)                                          (b) 

 
Fig. 21. Main source of PD: (a) Under higher pressures, (b) Under 0.3 Bar 

The decreasing of pressure has two effects in the PD intensity. 
Firstly, if the electric field intensity E keeps unchanged, lower 
air density N will make E/N higher. E/N is usually used to 
represent the electron energy [9]. With higher electron energy, 
stronger PD can be expected with the similar time lag. 
Secondly, as described in the previous paragraph, under low 
pressure range, further reducing pressure can make the PD time 
lag longer. Although there is a segment in the rising edge where 
voltage drops a little bit (in Fig. 14 where second group of PD 
happens) and leads to a lower Ei (especially for the PD in region 
2 in Fig. 6(b), discussed in section III (b)), in other parts of the 
rising edge we can still assume that longer PD time lag leads to 
higher PD firing voltage and higher Ei. In high pressure range 
(higher than 0.7 Bar), the decreasing of PD time lag and the 

increasing of electron energy have opposite effects on 
determining the PD magnitude while the latter plays a dominant 
role. In low pressure range, the increasing of time lag and 
increasing of electron energy both enhance the PD intensity. 
Under 0.3 Bar, PDs mainly happen behind the pulse voltage 
rising edge and most of them concentrate in time range from 
1300 ns to 1600 ns as shown in Fig. 17 and Fig. 22. In this time 
range, the instantaneous voltage value (from 1.68 kV to 1.82 
kV) is obviously lower than the peak value (1.96 kV). 
Therefore, compared with PDs under 0.4 Bar and the third 
group of PDs under 0.5 Bar (these PDs mainly happen around 
the peak point of the pulse voltage, with PD firing voltage 
usually higher than 1.9 kV), the Ei of the PDs under 0.3 Bar is 
relatively lower, which leads to lower statistical PD magnitude.  

 
Fig. 22. PD region under 0.3 Bar  

B. ENDURANCE 
Insulation aging due to PD is a complicated process. PD 

induced partial temperature rise and chemical reaction will 
break the molecule chain of the organic insulation material 
progressively. Among the chemical reaction, intense oxidation 
is an important factor to degrade the insulation material [22]. 
With the presence of strong discharge, O2 molecules can change 
into O3 [24], which has stronger oxidability and is more harmful 
to the organic insulation material. Although higher PD intensity 
can surely enhance the abovementioned aging factor, when 
pressure goes lower, O2 and other compositions in the air that 
can participate in the insulation aging process become scarcer. 
Therefore, under low pressure condition, the chemical reaction 
may be suppressed although the PD activity is still intense, 
which give rise to a longer lifetime under 0.3 Bar (even longer 
than that under 0.7 Bar in average). 

In this experiment, PD happens in the air duct between sphere 
electrode and insulation film. If we take both electric field 
intensity E and pressure p into consideration, for a certain kind 
of gas dielectric (including air), there is a constant (E/p)C  
(represented by a constant C0 in Fig. 23) to define its breakdown 
threshold [4]. If the applied (E/p) exceeds C0  of the air, PD can 
be triggered in the air duct with the presence of initial electron. 
Fig. 23 shows the right half of the cross section of the electrodes 
and insulation sample briefly. For a certain pressure p1, the 
value of E/p1 is a function of the distance L from the contact 
point, i.e. E/p1=f(L) as the black curve shows in Fig. 23 [8]. The 
black curve intersects with the y-axis at point A.  With distance 
shorter than L1, E/p1 is higher than C0. Thus, PD happen in the 
circle with the contact point as center and L1 as the radius. If we 
keep the applied voltage magnitude unchanged and decrease the 
pressure into p2, then E/p2=f(L) is changed into the red curve in 
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Fig. 23. The curve intersects with y-axis at point B. In this case, 
PD happen in the circle with the contact point as center and L2 
as the radius. This is the main reason why PD eroded area 
expands with pressure deceasing. 

 

 
Fig. 23. Expansion of PD area with pressure decreasing  

Based on the above studies, we can see that under lower 
pressures, polyimide film’s capability against PD inception and 
PD aging is obviously weakened. Since this insulation material 
is usually applied in medium frequency transformers, these 
experiment results indicate a possible reduction of insulation 
behavior of medium frequency transformer with pressure 
decreasing. More into depth studies of actual medium 
frequency transformer’s insulation design are necessary.  

V. CONCLUSIONS 

To investigate the influence of pressure on PD and its induced 
aging behavior on the polyimide film, a test system with the 
abilities of generating pulse voltage, detecting PD, controlling 
the pressure along with breakdown protection is built. Based on 
this system, PD (including PDIV and PD features) and 
endurance tests on the polyimide insulation film under different 
pressures are conducted. The results show that:  
1. PDIV decreases with pressure decreasing under pulse 
voltage, which fits the right part of Pashen’s Curve obtained 
under sinusoidal voltage. 
2. In high pressure range, PD time lag decreases with pressure 
decreasing because of the reducing partial discharge inception 
electric field. Yet, with less air molecules, longer time is needed 
for forming the electron avalanche. When pressure further 
decreases, PD time lag would be longer due to this factor.  
3. With the decreasing of pressure, longer PD time lag (within 
the voltage rising edge) that leads to higher PD firing voltage 
and the increasing of electron energy would increase the PD 
magnitude. Yet, when pressure further decreases, PD would 
happen behind the voltage rising edge, which give rise to lower 
PD firing electric field intensity and reduces the PD magnitude. 
4. Stronger PD intensity under lower pressure can surely 
intensify the aging process including the partial temperature 
rise and chemical reactions and leads to shorter insulation 
endurance. Yet when pressure continuous decreases, oxygen 
and other gas molecules in the air that participate in the 
chemical reaction are greatly reduced, which suppresses the 
aging process and leads to longer insulation endurance.  

5. PD erosion area is larger on the insulation film aged under 
lower pressure. This is due to that larger area of the air duct 
exceeds the breakdown threshold when the pressure decreases.  

These results show that polyimide insulation film suffer from 
greater risk of PD inception and deterioration when pressure 
goes lower and bring focus to the need of more into depth 
studies of actual medium frequency transformer’s insulation 
design.  
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