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Abstract. This paper deals with the DC electrical breakdown strength (DC BDS) of polypropylene (PP) 

film, a material used in high-performance capacitors. The objective of this paper is to compare the DC 

breakdown strength of PP films of various layer arrangements, dry or oil impregnated. The experimental 

part focused on a comparative study of the DC BDS across two distinct types of PP film of different space 

factors. To investigate the impact of the dielectric material's overall thickness, test samples were created in 

one-, two-, and three-layer wound scroll configurations. A significant element of the study was the 

assessment of impregnation effects on the DC BDS across all samples. Acquired experimental data were 

analysed with various statistical tools, including the Grubbs' test for outlier detection and the Weibull 

analysis for determining the probability of failure. The conclusion provides robust information on the DC 

breakdown strength of different configurations of layered PP films under test. 

1 Introduction 

Polypropylene, specifically its Biaxially Oriented 

variant (BOPP), is one of the most used base materials 

in the manufacturing of power capacitors. 

Polypropylene is chosen for its suitable electrical 

characteristics, particularly low dielectric losses and 

high breakdown strength. Based on the increasing 

demand for high – voltage direct current (HVDC) 

technology (bi–directional electric car charging stations, 

battery energy storage systems–for short BESS, etc.) 

and other types of technology, requirements for 

capacitor reliability and energy density are steadily 

increasing. Because of these and other unmentioned 

requirements, it is necessary to study the behaviour of 

PP films under DC electrical stress [1-5]. 

As shown in the paper by Laihonen et al. [6], the DC 

breakdown strength of a dielectric material is not a 

constant – it is influenced by variables such as : 

• d – thickness of the material, 

• N – number of layers of the material, 

• electrode configuration, 

• material used for impregnation of the material 

Capacitors made from PP are known as wound 

capacitors–layers of PP film are wound into scrolls. This 

process can introduce mechanical stress, which can 

cause defects in PP film that differ from those observed 

in flat–sheet testing. 

This paper compares the DC Breakdown strength of 

two different types of PP film with different surface 

roughness. The paper also examines the influence of 

multiple layers of PP film – one, two, and three layers, 
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respectively. Furthermore, the effect of the 

impregnation on the dielectric performance relative to 

the dry samples is also evaluated using the Grubbs' test 

for outlier detection and the Weibull analysis for failure 

probability determination. 

2 Materials and methods 

For the experimental evaluation, we had two samples of 

10 µm BOPP film manufactured using bubble 

technology. While both materials feature double–sided 

surface roughness, they differ in their space factor (SF) 

[7]. Specifically, the first sample exhibits a known 

roughness of 4 μm (SF = 4 %), while the second is 

characterized by a roughness of 10.25 μm 

(SF = 10.25 %). 

Therefore, in the following text, we will distinguish 

between BOPP films labelled as Material A (BOPP film 

with roughness of 4 μm) and Material B (BOPP film 

with roughness of 10.25 μm). Materials described were 

used to prepare samples, such as: 

• 15 pcs. of single–layer non–impregnated 

wounded scrolls, 

• 30 pcs. of double–layer non–impregnated 

wounded scrolls, 

• 15 pcs. of triple–layer non–impregnated 

wounded scrolls, 

• 15 pcs. of double–layer impregnated wounded 

scrolls, 

• 15 pcs. of triple–layer impregnated wound 

scroll 
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To clearly distinguish between individual samples, 

each one was marked with a label that contained a 

character sequence in the form X_Y_Z, where: 

• X – type of film material (A or B), 

• Y – number of sample layers (1, 2 or 3), 

• Z – sample specification (I = impregnated, 

N = non–impregnated, SE = measured with 

small electrode) 

For example, we can create a sequence describing a 

double–layer impregnated sample made from Material 

A. The resulting character sequence will be A_2_I. 

2.1 Preparation of non–impregnated samples 

Sample preparation is dependent on the availability of a 

scroll winder, without which it is not possible to obtain 

a sample of sufficient quality required for research. The 

process itself takes place in several steps, as shown in 

Figure 1: 

1. Preparation: Rolls of material are loaded into 

the winding machine. The number of PP film 

rolls equals the planned number of sample 

layers. 

2. Winding: The material is attached to the roller. 

During the rotation, aluminium contacts are 

inserted. 

3. Finalization: After reaching the desired 

number of turns, the aluminium is cut off, and 

the final protective layer of pure dielectric 

material is wound onto the sample. The sample 

itself is then defined by the thickness of the 

dielectric material, its layering, and the width 

of the edge. 

 

 

Fig. 1. The Principle of Preparation for non – impregnated 

sample (AI Generated, not to scale) (a)winding machine, b) 

insertion of aluminium electrodes during sample winding, c) 

end product) 

2.2 Preparation of impregnated samples 

The winding process is the same as for the dry samples. 

However, to prevent swelling (increase in volume) due 

to the impregnation process, the samples are compressed 

in a device consisting of metal plates held together by 

threaded rods (Figure 2). The entire metal fixture is then 

placed in a dielectric liquid bath – specifically, Jarylec 

C101 oil, which is designed for use in high–voltage 

capacitors [8]. Due to equipment size limitations, a 

vacuum chamber was not employed for oil degassing. 

Instead, the impregnation process was carried out at 

20 °C for 2 hours, or until all visible gas bubbles 

disappeared. The quality and completeness of the full-

sample impregnation were verified by inspection of a 

separate 'sacrificial' sample. 

 
Fig. 2. Preparation process of the impregnated sample. (a) 

The scroll in the oil bath is pressed by a fixture, (b) The 

sample after impregnation 

2.3 Measurement methodology 

The measurement methodology required constant 

conditions, so the equipment used remained unchanged 

throughout the experiment.  

The high-voltage potential between the sample 

contacts increased at a rate of 200 V/s until breakdown 

occurred.  

Since the breakdown voltage was measured 

experimentally, the key comparative parameter of 

interest – the breakdown strength E – was calculated as 

the ratio of the breakdown voltage UBDV to the 

insulation thickness d, as shown in formula (1). 

 

𝐸 =  
𝑈𝐵𝐷𝑉

𝑑
       (1) 

 

In the context of as-prepared samples (where the air 

gaps are eliminated by electrostatic force between the 

PP foil and the aluminium foil, and additionally pressed 

with a heavy metal plate), the thickness of the resulting 

insulation is equal to the product of the thickness of the 

base film and the number of layers in the scroll.  

All breakdown voltage measurements were 

performed under stable environmental conditions, with 

the ambient temperature maintained at 22–24 °C and the 

relative humidity at 44–48%. The test cell utilized a 

cylindrical steel negative electrode and a copper plane 

electrode. While the exact winding tension of the 

commercially sourced samples is a manufacturer's 

proprietary secret, the edge conditions were 

characterized by a consistent 2.4 cm margin between the 

edge of the BOPP film scroll and the active aluminium 

electrode. Used measurement hardware specifications: 

• HV supply: Portable DC High Voltage source 

PTS–37.5 (ser. no. 254), USA 

• Measurement: Lutron HV–40 High Voltage 

Probe with 1000:1 ratio (ser. no. 20041967), 

Taiwan, and Hexagon 720 Multimeter (mfr. 

num. 052184752), Germany 

• Other: Microcontroller-controlled Voltage 

Regulation Drive, Cu/Steel electrodes, 

pressure plate, ventilated measuring chamber. 

2.4 Statistical analysis methods 

Electrical strength was measured for all samples 

included in the test. There was a specific number of tests 
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(see Table 1 for details) for each class of the statistical 

set. After discarding outliers, descriptive statistics and 

breakdown probabilities were derived. 

2.4.1 Grubbs´ test for outlier detection 

Statistical analysis defines outliers as observations that 

deviate significantly from the rest of the measured data. 

The occurrence of these outliers is often due to defects 

in the investigated samples or errors in the experimental 

methodology, so it is essential to detect and eliminate 

them. 

For this purpose, we applied Grubbs' test to the 

experimental results of our paper, which is capable of 

identifying the most significant outlier in a one–

dimensional dataset. The test itself is based on two 

hypotheses: 

1. H0: dataset does not contain any outliers, 

2. HA: dataset contains exactly one outlier 

The test algorithm includes sorting of the data from 

the lowest to the highest value, and calculating the mean 

value 𝑌̅ together with the standard deviation s. The key 

step is to calculate the test statistic G for the maximum 

and minimum values. 

 

𝐺 =
𝑌̅−𝑌𝑚𝑖𝑛

𝑠
      (2) 

 

𝐺 =
𝑌𝑚𝑎𝑥−𝑌̅

𝑠
      (3) 

 

If the value of G exceeds the critical threshold (set 

for a given number of measurements and the 

significance level α), the tested point is classified as an 

outlier [9]. 

2.4.2 Weibull probability analysis 

This analysis is primarily used for reliability evaluation 

based on the experimental data. Although the standard 

random variable is the time to failure, numerous studies 

demonstrate that this type of model is also suitable for 

evaluating breakdown voltage (AC or DC). Three key 

parameters define the shape and curve of the Weibull 

distribution: 

1. Shape (β): it determines the shape of the 

probability density, allowing the model to 

adapt to different data characteristics, 

2. Scale (η): parameter on the x–axis, it 

corresponds to the value of the variable at 

which failure occurs in 63.2 % of the sample 

population, 

3. Location (γ): shift parameter that defines the 

starting point (minimum value) where failures 

begin to occur 

Based on the number of variables considered, we can 

categorize the Weibull distribution into three basic 

variants: 

1. Single–parameter: it assumes the location 

parameter equal to zero and a constant shape 

parameter, 

2. Two–parameter: it considers only a zero 

location parameter, 

3. Three–parameter: uses all three parameters 

In the context of breakdown voltage analysis, the 

industry standard is the second option, two–parameter 

distribution, whose probability density function is 

defined by the equation [10]: 

 

𝑓(𝑡) =
𝛽

𝜂
(

𝑡

𝜂
)

(𝛽−1)

𝑒𝑥𝑝 − (
𝑡

𝜂
)

(𝛽)

   (4) 

3 Results and discussion 

Analysis and interpretation of measured data are 

fundamental to this paper. Given the importance of this 

chapter, it is structured into several sections that reflect 

the methodological procedures applied in result 

processing: 

• Exclusion of outliers using Grubbs´ test, 

• Evaluation of results using Weibull probability 

graphs, 

• Analysis of the locations of electrical 

breakdown 

3.1 Grubbs´ outlier test 

Because no preliminary data filtering was done during 

the experiment, we began our analysis by removing 

outliers using Grubbs' outlier test. This method was 

chosen specifically due to the low variability of the 

measured values. 

The analysis was performed in the RStudio [11] 

environment using the R language and the “outliers” 

library. For detection, we applied the “grubbs.test(x, 

type = 10)” command, which automatically searches for 

one extreme in the “x” dataset. Testing was performed 

at the 95% significance level (α = 0.05). If the calculated 

p-value was below 0.05, the data were classified as 

outliers and subsequently excluded. We applied this 

process iteratively, repeating the test after each 

exclusion.  Figure 3   summarizes   the   tested   values: 

boxplots show the median and interquartile ranges, 

while red crosses mark the outliers identified by Grubbs' 

test. Deviations were specifically detected in the 

following groups:  

• Material A: The A_2_N sample exhibited the 

most significant variance, with two distinct 

outliers recorded at lower voltage levels. The 

A_2_I sample also presented a single outlier 

below the main data distribution, 

• Material B: Single outliers were identified in 

three separate samples: B_2_I, B_2_N, and 

B_3_I 

After outlier elimination, the measured data were 

merged into a new table. For compatibility with the 

RStudio environment, the output file was exported as a 

text document. Based on this data, descriptive statistics 

were calculated, an overview of which is provided in 

Table 1. For correct interpretation, the following 

symbols represent: 
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• n: number of taken breakdown voltage 

measurements, 

• UBDV,MIN: minimal measured value of 

breakdown voltage, 

• UBDV,MAX: maximal measured value of 

breakdown voltage, 

• UBDV,AVG: average value of breakdown 

voltage, 

• σ: standard deviation 

•  

 

Fig. 3. Boxplot of DC Breakdown voltages for Material A and 

Material B 

Table 1. Descriptive values of measured results 

Sample 

Batch 
n 

UBDV,AVG 

[kV] 

σ 

[kV] 

UBDV,MIN 

[kV] 

UBDV,MAX 

[kV] 

A_1_N 14 4.72 0.23 4.22 5.08 

B_1_N 14 3.87 0.72 2.20 4.45 

A_2_N 28 10.07 0.85 7.85 11.20 

B_2_N 29 10.06 0.86 8.10 11.11 

A_2_I 14 10.10 0.25 9.66 10.48 

B_2_I 14 10.69 0.52 9.82 11.80 

A_3_I 15 12.35 0.44 11.45 12.87 

B_3_I 14 14.73 0.48 14.03 15.64 

A_1_SE 31 5.59 0.40 4.80 6.24 

B_1_SE 14 5.57 0.19 5.17 5.82 

A_2_SE 16 11.46 0.60 10.01 12.49 

B_2_SE 9 10.43 0.31 9.86 10.76 

3.1.1 Characteristics of Material A 

From the values in subsection 3.1 we can state several 

facts: 

• As expected, the lowest breakdown voltage 

was measured in single-layer scrolls 

(UBDV,AVG = 4.72 kV), and the highest, also as 

expected, in triple-layer impregnated samples 

(UBDV,AVG = 12.35 kV), 

• Impregnation did not improve the breakdown 

voltage in this type of material; on the contrary, 

a comparison between double-layer scrolls 

shows a decrease, especially in the upper 

quartile. The largest decrease, 0.72 kV, was 

recorded in the maximum measured value, 

• The estimated breakdown voltage of the 

impregnated scroll with three layers was 

determined to be 15–16 kV. Although the 

measurement process proceeded without 

methodological or technical complications, the 

experimentally obtained data did not reach this 

predicted level, 

• Analysis of single- and double-layer samples 

confirmed theoretical assumptions regarding 

the influence of the tested area size on 

dielectric strength. A clear difference was 

observed between measurements on scrolls and 

measurements using a small electrode, with the 

latter method showing systematically higher 

values (an increase in the median of 

approximately 1 kV in both configurations)  

3.1.2 Characteristics of Material B 

From the values in subsection 3.1 we can state several 

facts: 

• The breakdown voltage values were within the 

expected ranges for all sample types. The 

lowest voltage was measured (as with Material 

A) in single-layer dry scrolls, and the highest 

in triple-layer impregnated scrolls, 

• Impregnation brought the expected 

improvement in measured values. In case of 

double-layer samples, average breakdown 

voltage improved by 6.26 % (from UBDV,AVG = 

10.06 kV to UBDV,AVG = 10.69 kV). Similarly, 

a significant increase in the minimum values 

can be observed, 

• Material B is more suitable for use in an 

impregnated state. For single-layer samples, 

we observe significantly better values and 

lower dispersion when measured with a small 

electrode. With double-layer samples, the 

differences are smaller but still in favour of the 

measurement with a small electrode. The 

theoretical assumption was confirmed in this 

case as well. 

3.2 DC breakdown strength 

Since the breakdown voltage is directly proportional to 

the thickness of the insulation, it is necessary to use the 

dielectric strength to assess the effect of layering 

correctly. This value expresses the material's resistance 

to an electric field per unit length and allows direct 

comparison of single- and multi-layer structures. 

Table 2. Calculated values for DC Breakdown strength 

Sample 

Batch 

EAVG 

[V/μm] 

EMEDIAN 

[V/μm] 

EMIN 

[V/μm] 

EMAX 

[V/μm] 

Var. 

[V/μm] 

A_1_N 471.53 477.05 422.40 508.50 86.10 

A_2_N 503.53 516.80 392.60 560.00 167.40 

A_2_I 504.91 502.10 483.15 524.15 41.00 

A_3_I 411.53 413.47 381.50 429.03 47.53 

B_1_N 387.50 423.10 219.60 445.00 225.40 
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B_2_N 503.33 506.40 405.00 555.25 150.25 

B_2_I 534.51 536.58 490.90 590.25 99.35 

B_3_I 491.15 493.75 467.77 521.50 53.73 

A_1_SE 558.69 568.50 479.80 624.00 144.20 

A_2_SE 572.95 571.85 500.60 624.75 124.15 

B_1_SE 556.56 561.65 516.60 582.10 65.50 

B_2_SE 521.26 525.65 493.15 537.95 44.80 

 

 

Fig. 4. Bar Chart of Median DC Breakdown strength of 

examined samples 

The graphical analysis in Figure 4 clearly illustrates 

differences in material properties depending on surface 

treatment and the number of layers. The original 

assumption that increasing the number of layers to three 

would minimize the likelihood of defects being covered 

and, together with impregnation, would yield the best 

results was not universally confirmed. A closer look at 

the data reveals that: 

• In the case of Material A, impregnation has a 

counterproductive effect, reducing the breakdown 

voltage. Double-layer samples in a dry state 

demonstrated maximum resistance, regardless of 

the measurement method used, 

• Material B, on the other hand, shows a significant 

increase in electrical strength after impregnation, 

especially in double-layer scrolls. Triple-layer 

samples of this type also significantly 

outperformed Material A 

The data obtained lead to the conclusion that while 

Material A achieves optimal performance in a dry 

environment, Material B is better suited for the 

impregnation process. The decisive factor appears to be 

surface roughness (space factor). The rougher surface of 

Material B allows the impregnating oil to fill the 

interfacial voids, thereby suppressing any discharges 

before the breakdown itself. Conversely, the 

degradation in Material A is likely due to restricted oil 

penetration and localized swelling of the foil, which 

introduces mechanical stress and alters the trap density 

within the BOPP film. Therefore, films with a rougher 

surface (higher space factor – Material A) are more 

suitable for dry applications, while smoother films 

(Material B) allow for more effective impregnation. 

3.3 Weibull probability analysis 

In the case of Weibull probability analysis, numerical 

data processing was performed again in the RStudio 

environment (with results for both Materials in Table 3 

and Table 4). For graphical interpretation, the files were 

exported to Minitab, where we generated probability 

graphs   (Figure 5   and   Figure 6).  To   compare   all 

measurements correctly, we chose DC Breakdown 

strength as the reference variable. 

Table 3. Parameters of Weibull distribution for Material A 

 A_1_N A_2_N A_2_I A_3_I A_1_SE A_2_SE 

Shape 26.32 16.89 47.22 39.14 16.28 22.47 

Scale 481.5 520.9 510.7 417.9 576.7 586.3 

 

Table 4. Parameters of Weibull distribution for Material B 

 B_1_N B_2_N B_2_I B_3_I B_1_SE B_2_SE 

Shape 8.38 16.05 21.23 33.99 38.69 48.70 

Scale 413.5 521.0 546.7 498.6 565.0 527.8 

 

 

Fig. 5. Weibull probability plot for Material A 

 

 

Fig. 6. Weibull probability plot for Material B 

In Weibull probability plots, the rule is that if the data 

follow the trend line, the distribution is Weibull; 

otherwise, it is a different distribution. When evaluating 

both materials, it turned out that the vast majority of 

measurements meet this assumption, and the data are 

distributed according to Weibull statistics. The only 

exception is set B_1_N, which does not fit this model.  

This deviation points to mixed failure modes; 

single-layer, non-impregnated samples suffer early 
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breakdowns due to extrinsic defects (e.g., dust, air 

voids) unless prepared in a cleanroom. Ultimately, this 

validates our experimental design: multi-layer 

configurations and impregnation are necessary to 

suppress these defect-driven failures and approach the 

material's intrinsic breakdown limit. 

3.3.1 Characteristic of Material A 

The evaluation based on a 63.2% probability of 

breakdown (Figure 5) confirmed that this material 

achieves the highest breakdown strength when 

measured with a small electrode on double-layer 

samples (+9.6 V/µm). When testing the scrolls, it was 

found that a double layer of PP film is optimal, with the 

dry version paradoxically exceeding the impregnated 

version by 10.2 V/µm. While the 39.4 V/µm decrease in 

strength in single-layer scrolls was expected, the results 

of the triple-layer impregnated samples were a negative 

surprise – they recorded the worst values with a decrease 

of up to 92,8 V/µm compared to two layers. Overall, it 

was confirmed that impregnation with Material A does 

not improve properties but rather degrades them. 

3.3.2 Characteristic of Material B 

Looking  at  the  graph  (Figure 6),  it  is  evident  that 

Material B behaves differently, with the differences 

between the methods being smaller than in the previous 

case. The small electrode retained its lead, but 

surprisingly in a single-layer arrangement, which 

outperformed the double-layer by 37.2 V/µm. Double-

layer impregnated samples dominated in scrolls. These 

showed significantly better parameters than other 

configurations – they outperformed the triple-layer 

impregnated (+48.1 V/µm) and two-layer dry 

(+25.7 V/µm) samples, and the most significant 

difference was observed compared to the single-layer 

dry scrolls (+133.2 V/µm). In this case, the positive 

contribution of impregnation was confirmed, increasing 

breakdown strength by 5% with the double-layer 

configuration. 

4 Conclusion 

The study experimentally verified the influence of the 

PP film's surface structure on the DC puncture strength 

of both dry and impregnated samples. By comparing 

two different film samples with different space factors, 

it was demonstrated that while the film with a higher 

roughness - space factor (Material A) achieves higher 

electrical strength in dry form, the film with lower 

roughness (Material B) is significantly more suitable in 

the impregnated state. 

In terms of measurement methodology, an inverse 

relationship between the active electrode area and 

breakdown strength was confirmed, with measurements 

using a small electrode systematically showing higher 

DC breakdown strength values than measurements on 

scrolls. An interesting observation was an anomaly in 

Material A, where the single-layer arrangement 

outperformed the triple-layer arrangement. Despite this 

anomaly, the double-layer samples remain the global 

optimum for both materials. 
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