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Abstract

In this study, the immediate time to breakdown for pure epoxy resin is measured by applying a ramp sinusoidal voltage signal
at certain frequency (50Hz, 500Hz and 5000Hz) until breakdown occurs. The HV testing procedures, epoxy resin sample and
experimental set-up preparation and Weibull analysis of obtained results are elaborated. The experiments were carried out on
epoxy samples with the thickness between 0.1mm and 0.2mm and the thickness was divided into three groups for more accu-

rate statistical analysis.

1 Introduction

The solid state transformer (SST) which could fulfill flexible
voltage and power flow control is currently under develop-
ment to be used in future power grid due to its excellent elec-
trical performance. Besides, the reactive power compensation
and large-scale sustainable energy integration could also be
achieved by the application of SST [1]. Medium frequency
transformer (MFT) which is expected to be used for galvanic
isolation, voltage transformation and impedance matching [2]
is the key component of SST. In fact, MFT could be regarded
as an intermediate module connecting primary and secondary
power electronic conversion circuits in SST.

The size of MFT is expected to be more compact to fit some
electrical devices (i.e. high voltage arbitrary waveform gen-
erators). For reaching smaller size and higher energy trans-
mission efficiency of MFT, the frequency level of MFT input
voltage signal has increased significantly during the past two
decades. Therefore, the study of high frequency insulation
performance is necessary for the stable operation of dry-type
MFT together with its ancillary power electronic equipments
[1]. It is commonly known that the insulation material ex-
posed to higher frequency ages faster. In [3], equation (1)
which relates the material lifetime and frequency is proposed.
For different insulation material, the value of n which deter-
mines the aging rate differs a lot.

Ly = Ll(]%)" (1

The material used for the built of insulation system of MFT
must have outstanding insulating properties since the
operating temperature can be high and the requirement of
having small volume of MFT put limitation on the thickness
of insulation system. Various types of insulation material

such as oil-paper insulation, epoxy resin, polyamide film,
polypropylene and etc are potential candidates for the MFT
insulation system.

With respect to the generation of MFT input signal, power
electronic components (i.e. IGBT) were introduced to drive
MFT. Due to fast-switching operation, harmonics, transients
and ripples which could accelerate the degradation of MFT
insulation system and cause the overheating problem are
created. Thus, the material used for MFT insulation system
ought to have sufficient high electrical endurance and thermal
robustness. Moreover, the presence of partial discharges (PD)
is also a potential threat for the reliability of the insulation. In
many cases, PD is a major problem in high voltage (HV)
insulation system and it can lead to the change of dielectric
properties and ultimate failure of insulation materials [12].

Furthermore, electrical treeing is actually a pre-breakdown
phenomenon in polymeric insulating material which occurs at
the region of high divergent field such as the voids, grazes,
protrusions, impurities and cracks [13]. Under high voltage
applications, the excessive electrical field stress caused by
defects would result in internal discharges within the small
regions of dielectric and then form electrical treeing. Due to
the limitation of material casting level, those mentioned de-
fects are unavoidable. For the insulation with such defects,
treeing and discharges are present and the breakdown proba-
bility and aging rate would be increased.

With respect to the selection of MFT insulation material, life-
time curve that reflects the material lifetime at certain field
strength, temperature and frequency could provide valuable
information. Based on such curves, proper thickness of insu-
lation and sufficient electric field grading required for MFT
design can be determined. However, in order to form lifetime
curves, the figure which could indicate the insulation material
breakdown strength range at different frequencies and tem-
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peratures should be obtained first. Based on the breakdown
strength curves, proper permissible field strength for aging
tests could be decided. The selected field strength for aging
tests should be around 10% higher than the minimum field
stress. So far, the breakdown and lifetime for the insulation
material under 50Hz have already been well-investigated in
[1] and [4]. However, the research for insulation breakdown
at higher frequency level are not adequate.

Epoxy resin is believed to be one of the most competitive
insulation materials for MFT due to its excellent electrical,
thermal and mechanical properties [5] and relatively smaller
dissipation factor. These mentioned properties could also be
significantly enhanced through adding certain amount of
nano-fillers (i.e. hBN particles) [6-7]. In [12], N. Awang and
his colleagues concluded that higher amount of BN nano-
fillers results in a decrease in PD magnitude, the PD number

and the PD charge as compared to the neat sample.

Moreover, the breakdown strength of pure epoxy resin is af-
fected by various factors such as material thickness, slope of
the applied AC voltage ramp, field stress duration, tempera-
ture, humidity and condition of dielectric (aged or brand-
new) [9]. In order to obtain reasonable and convincing re-
sults, the slope of the ramp sinusoidal input voltage is set to
be 1kV,/s. In this paper, the breakdown strength of pure

epoxy resin is investigated and compared at S0Hz, S00Hz and
5000Hz at room temperature(20°C).

2 Epoxy sample preparation

In [10], Zhigiang Xu and his colleagues have introduced a
pre-made mould to create the thin epoxy resin samples. The
spacers are placed within the mould to adjust the sample
thickness. However, due to the large viscosity of epoxy resin,
the removal of the sample from the mould after curing will be
a big issue. Also, in [11], the authors provided the detailed
interpretations for the preparation of the epoxy samples with
the thickness of around Smm.

In this study, epoxy resin type CY225 and hardener type
HY925 supplied by the company Huntsman are the original
materials used for sample preparation. To begin with, Teflon
plates were used as the mould for samples because the cured
epoxy wouldn’t stick tightly on Teflon. However, after the
curing process, Teflon material penetrated the epoxy resin
sample and make it non-transparent. To reach more accurate
results, Teflon-base mould was abandoned. If the epoxy resin
material was poured in an open mould, the epoxy surface will
be curved and shrined and thin samples cannot be made. It is
worth mentioning that the pure epoxy needs hardener to cre-
ate tightly cross-linked molecular structures that impart in-
credible strength into the cured film. Based on above infor-
mation, the epoxy sample preparation processes with the
thickness between 0.1mm and 0.2mm are shown as follow:

a) Epoxy resin (CY225) and hardener (HY925) were both
degassed at 60°C for an hour in the chamber of BINDER
VD 53 vacuum oven to remove air and moisture inside
the original materials.

b)

d)

The degassed hardener (liquid-type) was added to epoxy
resin and mixed thoroughly for around 30 minutes. Then,
the mixture was placed inside BINDER VD 53 vacuum
oven to remove the trapped air at 60°C for 2.5 hours.

Two large Aluminum plates were machined to fit the
BINDER oven and used as the mould for epoxy resin
sample casting and curing. For easier sample removal, a
thin layer of silicon rubber with the thickness of 0.3mm
was casted on the plates shown in fig. 1(a). (The silicon
rubber layer is made by TFC Silicon Kautschuk TYP3-
Basis and Catalyst, which was applied uniformly on the
Aluminum plates by ZUA 2000 universal applicator.)

Paper spacers were placed at the edge of silicon rubber
area shown in fig.1 and used to control the thickness of
pure epoxy sample. The thickness for one layer of paper
spacers is around 0.10mm. In order to acquire thicker
samples, multiple layers of paper could be used. The
degassed epoxy-hardener mixture was casted on the
silicon rubber region and spread uniformly by ZUA 2000
universal applicator.

The epoxy resin sample was cured inside the oven type
BINDER FD 53 at 120°C for four hours. Then, the sam-
ple was cooled down and cut into pieces for ramp break-
down tests. The thickness of the sample ranges from
0.08mm to 0.20mm shown in fig. 1(b).

y

Silicon rubber
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Fig. 1 (a) The pre-made mould for epoxy sample preparation
(b) The thin epoxy resin sample pieces

3 Experimental set-up

The function generator type TENUMA 72-14111 is used to
generate the input voltage signal with arbitrary frequencies.
The sphere electrodes were immersed inside clean mineral oil
to avoid the occurrence of surface discharges. In [18], John
H. Mason has already proved that the surface discharge in-
ception voltage in oil is much larger than that in air for simi-
lar thickness samples.

The magnitude of the input signal could be amplified by 3000
times through Trek amplifier which has the current limitation
of 20mA and voltage limitation of 30kV. The Trek amplifier
is equipped with an internal divider which is introduced to
measure its output voltage.

A
( Y 4
v signal—>| Arduino

LV generated signal

Sphere
electrodes
”

"ol

HV prob—*

<5.0kHz
_| Ground

TREK®--Dijvide! : L
i epoxy =
Amplifier “sample
(e}

I
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Function
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Fig. 2 Set-up for ramp breakdown and lifetime tests

In [2], [5] and [14-15], to create homogeneous electric field,
double-sphere electrodes are used for AC ramp breakdown
experiments. But in [3], cylinder electrodes are also imple-
mented for the AC tests. Based on the information shown in
[1] and [16], cylinder electrodes are indeed mainly used for
DC breakdown tests. As a consequence, in this study, double-
sphere electrodes made of brass with the diameter of 10mm
are selected. The sketch of entire experimental setup is shown
in fig. 2.

The Arduino, relay and some other accessories formed the
control box of the set-up. The control box is connected be-
tween the function generator and Trek amplifier. The relay
within the control box could only be turned on at the instant
when the synchronization signal sent from function generator
to Arduino dropped from high level to low level. Thus, the
ramp voltage signal would definitely start at the very begin-
ning and be sent to the Trek amplifier. In this way, all ramp
breakdown tests were ensured to have same waveform start-
point with an exact 1kV), /s rate.

Moreover, relay within the control box could be deactivated
when Arduino detects that the magnitude of voltage signal
send from Trek amplifier internal divider is smaller than the
determined minimal threshold U,,;,, for a pre-defined period
of time. A fast fault detection is implemented and the ampli-
fier input is turned off very quickly. As a result, the amount
of discharge spots carbonized on the sphere electrodes would
be reduced significantly and electrodes are only required to
be polished and cleaned after each set of experiments.

4 Results for ramp breakdown tests

Ramp breakdown experiments were performed on thin epoxy
samples with the thickness ranging from 0.1mm to 0.2 mm. A
ramp sinusoidal voltage input signal with the slope of 1kV,, /s

at 5S0Hz, 5S00Hz or 5000Hz was applied on one of the sphere
electrodes. Moreover, the breakdown strength was measured
through dividing the applied voltage to its relevant thickness
nearby the breakdown perforation.

In [17], George Chen and his colleagues have mentioned that
the electrical breakdown strength of solid dielectrics has been
found to decrease with the increase in sample thickness and
this type of phenomenon could be explained by the inverse
power law shown as formula (2).

Ed)=kd™" 2)
With respect to formula (2), E represents for the breakdown
strength of the insulation material at certain thickness. n and
k are the two important constants that are associated with the
testing material. This phenomenon could then be explained
through volume effect. Sample with larger thickness would
comprise of more defects (cavities, cracks) and the defects
could induce discharges and reduce breakdown strength sig-
nificantly.

In this study, the thickness of epoxy resin samples has been
divided into three groups. Group one ranges from 0.105mm
to 0.135mm (0.12+0.015mm). Group two and three range
from 0.135mm to 0.165mm (0.15£0.0015mm) and from
0.165mm to 0.195mm (0.18+0.015mm) respectively. Fig. 3
illustrates an example of the variation of epoxy sample thick-
ness used for SOHz ramp breakdown tests.

2-parameter Weibull distribution analysis formula shown in
(3) is used to analyze the data obtained from breakdown tests.

E
F(E)=1 _ e

)

In (3), E is breakdown strength and F(E) represents for the
cumulative probability of breakdown. f is shape parameter
which reflects the slope of regressive line in the probability
plot and # represents for a certain breakdown strength whose
failure rate is 63.2%. Furthermore, in Weibull distribution,
there is another important parameter named correlation factor
p, which is an indicator showing how well the linear regres-
sive line fits the obtained data. Figure 4, 5 and 6 illustrate
Weibull plots for breakdown strength of epoxy sample at
those three thickness groups at 50Hz, 500Hz as well as
5000Hz separately. Moreover, Table 1-3 shows a summary of
those mentioned Weibull distribution parameters for those
corresponding figures.

Based on fig. 4, 5 and 6, it is rather obvious that the thinnest
thickness group (blue dots) has considerably larger break-
down strength compared with that for the thicker groups (It
could be verified through the comparison between parameter
n values shown in table I-III) due to the volume effect. More-
over, at higher frequency level, the surface discharges that
could cause cumulative heating with higher repetition rate
might also contribute to the reduction of sample breakdown
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strength. According to fig. 4 and 6, it seems that the spread of
ramp breakdown strength at SkHz is relatively smaller than
that at SOHz. In order to properly fulfill the statistical analy-
sis, for each thickness group, at certain frequency, at least 12
experiments were performed for the ramp sinusoidal break-
down tests.
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4.1.1. Table I: Weibull distribution parameters for ramp
breakdown results in different thickness ranges at 50 Hz

Parameter p

16.05
22.49
22.68

n [KV/mm] p

0.980
0.986
0.949

151.17
127.23
113.54

Group one (thin)
Group two (middle)
Group three (thick)

In reality, the important Weibull parameters placed in
Table I-III were all calculated based on formula (3).
From the calculation, what could be obtained is a nar-
row range of # and f# values. (For instance, at 50Hz, the
range of f from group one is 16.05+0.75 and the aver-
age value 16.05 was chosen.) In order to reduce the
range, more experiments should be performed. Based
on the values shown in Table I-1II, it seems that the
slope of regressive line for Group one is smaller than
that for Group two and Group three. The slope for
Group two and three are more or less similar. Also, for
each frequency level, it seems that the regressive line
slope has a trend to increase with the increase of the
sample thickness. This could be verified through more
experiments on each certain case, which is also our fu-
ture planning work.

4.1.2 Table II: Weibull distribution parameters for ramp
breakdown results in different thickness ranges at 500 Hz,

Parameter p 7 [kV/mm] P

Group one (thin) 24.00 131.38 0.986

Group two (middle)  25.13 117.28 0.953

Group three (thick) 26.99 106.55 0.945

I I
90 100 110 120 130 140
Breakdown strength at 500Hz [kV/mm]
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Probability of failure

Probability of failure

4.1.3 Table III: Weibull distribution parameters for ramp

breakdown results in different thickness ranges at 5 kHz,

Parameter ﬂ 7 [kV/mm] P
Group one (thin) 17.39 111.72 0.990
Group two (middle) 31.57 97.07 0.967
Group three (thick)  33.67 93.03 0.990
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0.90 - * 5000Hz Group one e £ g 5 b
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Fig. 7 Weibull plots in the thickness Group one (thin)

Based on fig. 7-9, it is clear that at each thickness group, the
ramp breakdown strength obtained at lower frequency (i.e
50Hz) is much larger than that obtained at higher frequency
(i.e 5000Hz), which could also be regarded as a proof that
higher frequency signal ages insulation material faster (This
could also be verified by the comparison of the Weibull pa-
rameter # in Table I-IIT).
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It is commonly known that breakdown is more likely to
happen at the peak of waveform because at that point both
voltage and field strength reach to the maximum. Moreover,
it is also observable through the experiments that breakdown
could happen at both polarities (negative and positive), most
of the breakdown cases take place close to the peak or at the
peak and some happen off the peak. Fig. 10-11 illustrate two
examples acquired from oscilloscope of such breakdown that
happen off the peak.
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b

Fig.10 (a) Breakdown off the peak at 50Hz in negative part
(b) Breakdown off the peak at 500Hz in positive part

5 Conclusion

In this study, breakdown strength of thin epoxy resin samples
were investigated at 50Hz, 500Hz and 5kHz. For the ramp
breakdown tests, it could be summarized that the breakdown
strength of pure epoxy is really sensitive to the thickness. The
breakdown strength is much larger for thinner sample com-
pared with that for thicker sample. Also, for the same thick-
ness level, the breakdown strength for higher frequency is
much smaller than that for lower frequency.
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