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ABSTRACT Surface flashover fault is one of the most challenge issues in oil-cellulose insulation pressboard
system used in power transformer. In this study, a comparative study of the AC surface flashover properties
of the novel 3-element mixed oil-cellulose insulation pressboard (3EMO-IP) and mineral oil-cellulose
insulation pressboard (MO-IP) was performed under needle-plate and finger-finger electrode, respectively,
measurement including dielectric property, surface flashover voltage, damage of cellulose pressboard surface
and the gas generation behaviors after multiple surface flashover. Results show that the cellulose insulation
pressboard immersed in the novel 3-element mixed insulation oil (3EMO) has higher relative permittivity and
dielectric loss factor at 50 Hz, and also has slightly lower surface resistivity. The AC surface flashover voltage
of the 3EMO-IP is higher than that of MO-IP under needle-plate and finger-finger electrode (electrode
distance 5 mm, 10 mm, 15 mm and 20 mm). Compared to MO-IP, the lower electric field intensity at the
oil-pressboard interface, as well as more difficult for surface charge accumulation of 3EMO-IP and the
higher breakdown voltage of 3EMO lead to the higher AC surface flashover voltage of 3EMO-IP. Moreover,
the carbonization of fibers in 3EMO-IP is slightly less. After multiple surface flashover, CoH, and total
hydrocarbon gases are the main differences between 3EMO-IP and MO-IP, which is more marked with the
increase of flashover times. This study offers a reference for improving the surface flashover property of
oil-pressboard insulation system by using 3EMO.

INDEX TERMS Surface flashover, mixed oil, cellulose insulation pressboard, dielectric property, surface

damage, dissolved gas.

I. INTRODUCTION

Polymer insulation materials, such as cellulose, are widely
used in high-voltage equipment as electrical insulation [1].
The cellulose products (pressboard, kraft paper, etc.) and
insulating oil constitute the compound insulation systems in
oil-immersed transformer and its property directly affects the
safe operation of transformer [2], [3]. Insulating oil has a
significant impact on the performance of oil-paper insulation
system, which is regarded as the “blood” of transformer.
Among all types of oils, mineral oil (MO) has a long history of
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application in transformer because of its low price and good
insulation properties. However, the poor fire performance and
biodegradability of mineral oil makes it inconsistent with
the development of electric equipment [4], [5]. As a promis-
ing alternative for mineral oil, natural esters are not only
renewable and biodegradable, but also can delay the aging
of cellulose [6]-[9]. However, some defects, such as poor
oxidation stability and high kinematic viscosity, are needed
to be improved [10], [11].

Mixed oil developed from mineral oil and natural ester
retains the good physical and electrical properties of min-
eral oil, and also absorbs the advantages of natural ester on
fire resistance and anti-aging properties. Therefore, extensive
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researches on mixed oil has been carried out and the
heat of these studies have been on rising trend in recent
years [12]-[15]. In 2012 and 2015, our team proposed two
types of mixed insulation oil, which mixed mineral oil and
olive oil/rapeseed oil at 4:1 in volume ratio, respectively
[12], [13]. Aside from the ability to delay the aging of
insulation paper, their fire points and flashpoints are satis-
fied. In 2017, Takahashi et al. presented their results on the
negative discharge response of mixed insulation oil, which
was composed of 80% vegetable oil and 20% mineral oil
in their work [14]. In 2018, Abderrahmane Beroual et al.
proposed a mixture of 20% Jatropha methyl ester oil and 80%
mineral oil [15]. Its average AC breakdown voltage and DC
breakdown voltage of the mixed oil increased by 12.0% and
28.5% compared to mineral oil [15].

However, some key parameters of existed mixed insulation
oils, such as kinematic viscosity and dielectric loss factor,
failed to meet the mineral oil standard IEC 60296: 2012.
In order to apply the mixed oil directly in the mineral oil
transformer without structural changes, it is necessary to
develop a novel mixed insulation oil that meets the mineral oil
standard. To solve this problem, our team proposed a novel
3-element mixed insulation oil (3EMO), which is prepared
by mixing mineral oil, soybean oil and palm oil in a volume
ratio at 76:19:5 with compound antioxidant (0.2 wt% T511 +
0.2 wt% L06) [16]. Its parameters satisfies the requirements
of IEC 60296:2012. 3EMO can be a proper alternative for
MO with good physicochemical, insulation and anti-aging
performance [16], [17].

The surface flashover between insulating oil and cellulose
pressboard is a common fault of transformer [18]-[20].
The surface flashover at oil-pressboard interface can lead
to the partial or total deterioration of insulation. At present,
the researches on surface flashover characteristics are mainly
aimed at mineral oil-cellulose insulation pressboard (MO-IP)
and esters-cellulose insulation pressboard [18]-[23]. In order
to ensure the safe operation of the traditional mineral oil
transformer filled with 3EMO, it is essential to well under-
stand the surface flashover characteristics of the novel
3-element mixed oil-cellulose insulation pressboard (3EMO-
IP). In this way, 3EMO could be safely used in transformer.

In this paper, taking MO-IP as reference, the surface
flashover experiment was carried out on 3EMO-IP using
“needle-plate” and “finger-finger” electrode, respectively.
Firstly, the surface flashover characteristics under differ-
ent electrode distance was studied. Secondly, the discharge
damages on the surface of cellulose pressboard was ana-
lyzed. Finally, the concentrations of the fault characteristic
gases dissolved in oil after multiple surface flashover was
measured.

Il. EXPERIMENTS

A. MATERIALS AND SAMPLE PREPARATION

The cellulose insulation pressboard utilized in this exper-
iment were provided by Yadongya Transformer Company
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Chonggqing, China. Its density and thickness are 1.2 g/cm?
and 0.45 mm, respectively. Karamay 25# naphthenic mineral
oil was used in experiment as reference. 3EMO was pre-
pared by mixing mineral oil, soybean oil and palm oil in a
volume ratio at 76:19:5, and 0.4 wt% compound antioxidant
(0.2 wt% T511 and 0.2 wt% L06) were also added. The main
parameters of the two insulation oils are listed in TABLE 1.
The cellulose pressboard was dried at 90 °C/50 Pa for 48 h,
and immersed in MO and 3EMO at 60 °C/50 Pa for 24 h
to complete the oil-impregnation process, respectively. The
moisture contents of the oil-impregnated insulation press-
board is below 1%.

TABLE 1. Parameters of 3EMO and MO.

Parameters 3EMO MO
Kinematic viscosity
) 11.65 9.2
(40 °C, mm/s)
Moisture content (ppm) 14 11
Breakdown voltage
78.6 72
(2.5 mm, kV)
Density (20 °C, kg/m?) 886.8 890
tan (90 °C) 0.0047 0.001
Acid value (mg KOH/g) 0.007 0.004
Relative permittivity(90 °C) 2.32 2.12

B. DIELECTRIC PROPERTY TEST OF OIL IMPREGNATED
PRESSBOARD

Novocontrol Concept 80 Broadband Dielectric Spectroscopy
Equipment was used in dielectric test for oil-impregnated
pressboard from 107! ~ 10° Hz. The test temperature
was 90 °C. In order to reflect the conductive properties of
the oil-pressboard interface, surface conductivity of MO-IP
and 3EMO-IP was measured by Keithley 6517B and 8009
resistivity test fixture according to IEC 60093. The DC supply
voltage was set at 100 V, and the experimental temperature
was 25 °C. Surface conductivity of each oil- impregnated
pressboard was measured for 10 minutes and recorded every
30 s. Every sample was tested three times, and the average
surface conductivity of oil-impregnated pressboard was anal-
ysed at here.

C. SURFACE FLSHOVER VOLTAGE, SURFACE DAMAGE
AND DISSOLVED GAS TEST

The surface flashover experimental equipment is shown
in Fig. 1. The test cell contains two electrode structures,
which are the needle-plate and finger-finger electrodes made
by copper. In the internal structure of the transformer, slightly
un-uniform electric field exist between adjacent windings,
the low-voltage winding and the core shield, while the
extremely un-uniform electric field is the most common elec-
tric field in transformer. Therefore, needle-plate electrode
and finger-finger electrode are used in this experiment to
simulate extremely un-uniform electric field and slightly un-
uniform electric field, respectively, in order to study the
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High DC Voltage Generator

FIGURE 1. The surface flashover test for oil-pressboard system.

surface flashover characteristics of 3EMO-IP and MO-IP. The
detailed dimension of the electrodes is shown in Fig. 1. The
experimental temperature was 25 °C, and the internal fluid
volume of test cell controlled at 1.5 L to completely impreg-
nate the electrode. Each kind of electrode has been processed
before experiment according to the same specifications. After
every 20 times of flashover, new electrodes will be used to
reduce the influence of shape changes on the experiment.
The oil-impregnated pressboard was removed from oil and
placed on the epoxy block. The electrodes were placed with
axis coincidence, and the distance between the electrodes
was set at planned value. After the dried insulating oil was
filled into the plexiglass test cell, the bolts above the electrode
were adjusted to closely fit the electrode and pressboard.
Firstly, surface flashover voltage of MO-IP and 3EMO-IP
were obtained under needle-plate and finger-finger electrode,
respectively. The distances of oil gap between positive and
negative electrode varied from 5 mm up to 20 mm with 5 mm
increment. The rise rate of AC voltage was controlled at
3 kV/s, and each sample was tested 15-18 times. Secondly,
after 30 times flashover at 10 mm oil gap under needle-
plate and finger-finger electrode, the surface damage of cel-
lulose insulation pressboard was studied by microscope. The
observation position focused on the pressboard surface at the
tip of needle and finger electrode, and the microscope was
OLYMPUS-BX53 at the magnification of 10x. Thirdly, after
3, 5, 10, 15 and 20 times flashover, the concentrations of
characteristic gases dissolved in oils were detected by gas
chromatography to analyse the difference on gas production
characteristics between 3EMO-IP and MO-IP.

Ill. RESULTS AND DISCUSSIONS

A. DIELECTRIC PROPERTY OF OIL IMPREGNATED
PRESSBOARD

The relative permittivity of oil-impregnated pressboard
decrease with frequency gradually, and 3EMO-IP has higher
relative permittivity than MO-IP, especially when the fre-
quency is less than 20 Hz. as Fig. 2(a) shows. This difference
mainly due to the polarity property of two oil molecules,
as shown in Fig. 3. Because the main component of vegetable
oil is triglyceride, its polarization type is mainly turning-
direction polarization of dipole under electric field, while
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FIGURE 2. The dielectric properties of mixed oil impregnated pressboard
and mineral oil impregnated pressboard.
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FIGURE 3. Chemical structure for mineral oil molecule and vegetable oil
molecule.

the displacement polarization of electron is dominant for
mineral oil molecule under the electric field because of its
small dipole moment. The turning-direction polarization of
dipole is much greater than the displacement polarizability of
electron. So 3EMO has higher relative permittivity than MO,
which results in the higher relative permittivity of 3EMO-IP.
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With the increase of frequency, the dielectric loss factors of
two oil-impregnated insulation pressboards is down first and
up later gradually, as shown in Fig.2(b). The dielectric loss
factor of 3EMO-IP reach 0.019% at power frequency, which
is 2.38 times higher than MO-IP. The dielectric loss factor
of 3EMO-IP is higher than that of MO-IP in most frequency
ranges, and the dielectric loss factor can be obtained by
Equation (1) [24].

tan§ = [— + ( — 2 V(e + 22
ano = |—— Eq — & D EE———— & D E———
weo ST 4+ @212 T L 4 w212

ey

where r is the conductivity of oil-impregnated insulation
pressboard; T is the time constant of relaxation polarization;
&s and e, are the static permittivity and optical permittivity
of oil-impregnated insulation pressboard, respectively. When
ot << 1, the dielectric loss factor can be as equation (2). The
dielectric loss in the low-frequency range is mainly caused by
conductivity loss, which shows downtrend with the increase
of frequency. As the frequency continues to rise, the period
of the alternating electric field is gradually close to the
relaxation polarization time when wt is close to 1. With the
increase of the polarization loss, the growth rate of the active
current of the oil-impregnated insulation pressboard exceed
that of the reactive current, which result in the increase of the
dielectric loss factor with frequency.

tand =

@
WEEs

According to the description of the relationship between
dielectric loss and frequency, there is a minimum of the
dielectric loss factor during the increase of frequency. Due
to the higher conductivity of 3EMO, 3EMO-IP has higher
dielectric loss factor than MO-IP, as shown in low-frequency
range of Fig.2. The strong polarity of the mixed oil molecules
result in its smaller time constant of relaxation polarization,
compared with mineral oil molecules. Therefore, the fre-
quency corresponding to the minimum of dielectric loss fac-
tor is higher for 3EMO-IP. During the 10 Hz to 10> Hz,
the dielectric loss factor of MO-IP is in an upswing, while
the dielectric loss factor of 3EMO-IP is still decline with
increase of frequency at this range. So the difference between
the two samples gradually narrow, and even the dielectric loss
factor of MO-IP reverse during 103 Hz to 10° Hz. As the
frequency continues to rise up to 10° Hz, the dielectric loss
of both samples reaches a very high level, and the difference
in polarization loss caused by molecular polarity disappears.

Fig. 4 is the surface resistivity of 3EMO-IP and MO-IP.
It shows that the surface resistivity of 3EMO-IP is lower than
that of MO-IP, and reaches 5.25x10'*Q and 5.98x10'4Q
after 1 min of voltage application. The difference in surface
resistivity between 3EMO-IP and MO-IP can be explained by
volume resistivity of oils. Due to the higher volume resistivity
of MO, the surface resistivity of 3EMO-IP is lower than
that of MO-IP. With the increase of test time, the difference
on surface resistivity between two kinds of oil impregnated
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FIGURE 4. The surface resistivity of mixed oil impregnated pressboard
and mineral oil impregnated pressboard.

pressboards decreases continuously. After 7 min they are
nearly the same.

B. SURFACE FLSHOVER VOLTAGE OF OIL-CELLULOSE
INSUALTION PRESSBOARD UNDER NEEDLE-PLATE

AND FINGER-FINGER ELECTRODE

1) SURFACE FLASHOVER VOLTAGE

The surface flashover voltage under needle-plate electrode
and finger-finger electrode at different electrode distance
were fitted with the two-parameter Weibull distribution func-
tion, whose probability density function and failure probabil-
ity are shown in Equation (3), where A is the scale parameter,
and k is the shape parameter; Pr is the probability of failure,
i is the rank of a sample, and 7 is the number of samples.

: ()i)k_l e WM x>0

f&Ak)y=1x\a - 3)
0 x<0
i—03
Pr = 100% 4
F n—i—0.4>< v @

The Weibull distribution of surface flashover voltage
for the 3EMO-IP and MO-IP under needle-plate electrode
at different oil gap distance is presented in Fig. 5. The
R-Square(R?) of each Weibull distribution obtained by linear
fitting is also shown in TABLE 2. As the oil gap between nee-
dle electrode and plate electrode increases, the Weibull distri-
bution line moves from left to right direction. This means that
the surface flashover voltages of the two kinds of oil-cellulose
insulation pressboard show upward trend. The values of R?
were basically above 0.85, which demonstrate the surface
flashover voltage was fitted with the two-parameter Weibull
distribution, and the equivalent surface flashover voltage val-
ues can be obtained at any certain failure probability.

In order to compare the surface flashover voltage of press-
board immersed in 3EMO and MO clearly, the equivalent
surface flashover voltages at 5% probability in the Weibull
distribution and the average values are shown in TABLE 2
and Fig. 6. Compared with MO-IP, the surface flashover
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FIGURE 5. Weibull distributions of surface flashover voltages under
needle-plate electrode.

TABLE 2. The equivalent flashover voltages at 5% probability and
average values of 3EMO-IP and MO-IP under needle-plate electrode.

Gap/mm 3EMO-IP _ MO-IP .
Uave/’kV_ Usy/kV R Uavg/’kV_ Usy/kV R
5 26.29 20.05 0.86 24.82 17.88  0.89
10 33.17 29.08 0.96 30.61 25.09  0.79
15 36.81 31.68 0.97 34.81 2744 096
20 42.22 38.08 0.98 40.15 36.41 0.96

of 3EMO-IP occurs at higher voltage. Take the result at
oil gap 10 mm as an example, the flashover voltage at 5%
probability and average values of 3EMO-IP is 15.90% and
8.36% higher than those of MO-IP, respectively.

The Weibull distribution of surface flashover voltage
of 3EMO-IP and MO-IP under finger-finger electrode are
presented in Fig. 7. Similar to the needle-plate electrode,
the surface flashover voltage of oil-cellulose insulation press-
board has a significant increase with the distance of oil
gap. Fig. 8 and TABLE 3 show the equivalent surface
flashover voltages at 5% probability and the average val-
ues. Compared with MO-IP, 3EMO-IP has higher flashover
voltage at the same oil gap. For instance, for 3EMO-IP, its
equivalent flashover voltages at 5% probability are 1.05 and
1.07 times higher than those of MO-IP at 10 mm and
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FIGURE 7. Weibull distributions of surface flashover voltages under
finger-finger electrode.

20 mm, as shown in Fig. 8. Besides, the difference in surface
flashover voltage between MO-IP and 3EMO-IP is more
significant under needle-plate electrode. According to the
average of the differences between MO-IP and 3EMO-IP
at the four gap distances, the equivalent flashover voltage
of 3EMO-IP is 12.02% higher than that of MO-IP under
needle-plate electrode, while this number decrease to 4.91%
under finger-finger electrode.
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TABLE 3. The equivalent flashover voltages at 5% probability and
average values of 3EMO-IP and MO-IP under finger-finger electrode.

Gan/mm 3EMO-IP MO-IP
P Uno/AV UKV R2_ Upo/kV_ UskV R
5 28.77 2357 099 2675 2214 0.96
10 35.11 29.05 098  33.65 27.75 097
15 40.85 3252 084 3719 31.96  0.96
20 45.13 3939 098  43.89 36.90  0.88
> v, 3EMO-IP EFJU, MO-IP
N S U, 3EMO-IP  [MMU,,, MO-IP
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FIGURE 8. Comparison of surface flashover voltages under finger-finger
electrode between 3EMO-IP and MO-IP.

2) BREAKDOWN VOLTAGE OF OIL GAP

The streamer develops in insulating oil, along the oil-
pressboard interface. So the breakdown property of insulating
oil is also an essential factor for surface flashover process.
The Weibull distribution of breakdown voltage for 3EMO and
MO under needle-plate electrode and finger-finger electrode
are presented in Fig. 9, and the oil gap between positive and
negative electrode was set at 10 mm and 20 mm, respectively.
The equivalent surface flashover voltages at 5% probability
and the average values are shown in TABLE 4. Due to the
greater distortion of the electric field, 3EMO and MO have
lower breakdown voltages under needle-plate electrode than
those under finger-finger electrode. Compared with MO, the
breakdown voltage of 3EMO is higher, which is an important
reason for higher surface flashover voltage of 3EMO-IP.

TABLE 4. The equivalent breakdown voltages at 5% probability and
average values of 3EMO and MO.

Gap 3EMO MO
/mm_ Uavg/kV  Usy/kV  R* Uavg/kV Us,/kV R’

Needle-plate 10 36.39 3045 096 3391 28.50  0.79
electrode 20 45.97 38.75 098 43.34 3593 0.96
Finger-finger 10 39.43 3477 098 38.09 3236 097
electrode 20 49.89 4342 098 47.63 4090 0.88

Electrode

3) SURFACE FLASHOVER DIFFERENCE ANALYSIS

The distribution of electric field strength between insu-
lating oil and insulating paperboard can be calculated in
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needle-plate and finger-finger electrode.
equation (5) [25].
EOil/Ep = 8rp/8r0il (5)

where &,;; and &, are the relative permittivities of insulating
oil and oil-impregnated pressboard. E,;; and E, are the elec-
tric field intensities of oil and insulating pressboard. Because
the ratio of oil to pressboard in relative permittivity is smaller,
the distortion at oil-pressboard interface in 3EMO-IP is less
than that in MO-IP.

A COMSOL electric field simulation of the two kind of
test electrodes for the two kinds of oil-cellulose insulation
pressboard system were studied by using Electrostatic Mod-
ule, and the simulation results at 0.005 s of 3EMO-IP is
shown in Fig. 9. The parameters of the insulating oil and oil
impregnated pressboard used in the simulation can be found
in TABLE 1 and Fig. 2. The applied voltages were the AC
voltages, and the amplitudes were 40 kV under needle-plate
electrode and 45 kV under finger-finger electrode respec-
tively, according to the experiment result. The two electrodes
were set to AC voltage and zero potential respectively. Under
needle-plate electrode, the needle electrode was connected to
the high voltage, and the plate electrode was grounded. The
gap of positive and negative electrode was set at 20 mm. In the
three-dimensional simulation structure, the x direction and
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the y direction are respectively parallel and perpendicular to
the axis of the electrodes, and the z direction is perpendicular
to the surface of the pressboard.

The result shows that the electric field intensity at the
tip of needle electrode is significantly higher than that of
finger-finger electrode, as Fig. 10 shows. The magnitude of
electric field intensity (Ep,), the components of electric field
intensity on X-axis (Ex) and Z-axis (E,) at the tip of needle/
finger electrode for 3EMO-IP and MO-IP were presented in
TABLE 5. Whether at the tip of the needle electrode or the
finger electrode, it can be concluded that E,, Ex and E, in
3EMO-IP are slightly lower than those in MO-IP. The lower

Time=0.005 s Surface: Electric field norm (V/m)

cm

3 4 5 cm
(a) finger-finger electrode at distance 20 mm (X-Y Plane, Z=0 mm)

Time=0.005 s Surface: Electric field norm (V/m)

cm
%107
1
0.8
Finger electrode
Finger electrode Pt 0.6
« / r 0.4
e - 0.2
— i
Epoxy block 0

3 4 5 cm
(b) finger-finger electrode at distance 20 mm (X-Z Plane, Y=0 mm)

Time=0.005s Surface: Electric field norm (V/m)

em %107
0.6 2
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0.2 L5

g ) 1
-0.2 .
-0.4 0.5
-0.6
0.8 0
2 3 4 5 cm

(c) needle-plate electrode at distance 20 mm (X-Y Plane, Z=0 mm)
Time=0.005 s Surface: Electric field norm (V/m)

Needle electrode Plate electrode

Pressboard \

Epoxy block

2 3 4 5 e¢m
(d) needle-plate electrode at distance 20 mm (X-Z Plane, Y=0 mm)

FIGURE 10. Electric field distribution simulation result of the 3EMO-IP
under needle-plate electrode and finger-finger electrode.
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TABLE 5. Magnitude of electric field intensity (Em), the components on
X-axis (Ex) and Z-axis (Ez) along oil-impregnated pressboard.

3EMO-IP (x107V/m) MO-IP(x107V/m)
Ex E, En Ex E, En

Electrode

Needle-plate

3.8300 1.2367 4.0247 39126 1.3915 4.1527

electrode

Finger-finger )15 06530 23128 22583 06548 23531
electrode

component of electric field intensity on X-axis (Ex) means
that the electric stress provided by the external electric field is
relatively small during the process of streamer development,
and the lower Z-axis component (E,) also reduces the damage
to the cellulose surface by weakening the interaction between
the streamer and oil-impregnated pressboard.

Fig 11 shows the variation of electric field intensities along
the axis of the two electrodes for 3EMO-IP and MO-IP.
The distortion of the electric field are majorly at the tip of
electrode, and the magnitude of electric field of MO-IP is
slightly higher than that of 3EMO-IP, as shown in Fig. 11.
In order to further compare the difference in electric field
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FIGURE 11. Electric field intensity along the axis of the two electrodes for

3EMO-IP and MO-IP under finger-finger electrode and needle-plate
electrode.
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intensity between 3EMO-IP and MO-IP, the magnitudes of
electric field intensity were obtained at two points in oil and
pressboard respectively, apart 0.1 mm to the oil-pressboard
interface, as shown in TABLE 6. Because of lower relative
permittivity for insulating oil, the electric field intensity in
oil (E,) is higher than that in pressboard (Ep). Compared with
MO-IP, 3EMO-IP not only has lower electric field intensi-
ties in oil and pressboard, but also has the lower difference
between E, and Ej, which reflect the relatively uniform
distribution of electric field in 3EMO-IP.

TABLE 6. Magnitudes of electric field intensity in oil and pressboard,
0.1 mm away from the oil-pressboard interface.

3EMO/( X 107 V/m) MO/( X 107 V/m)

Electrode

E, E, AE E, Ep AE
Needle 3.1264 24497 0.6767 3.2369 2.1581 1.0788
electrode
Finger 1.3827  1.2910 0.0917 1.4023 1.2059 0.1964
electrode

The difference of flashover voltages between 3EMO-
IP and MO-IP can also be analyzed from the interface
charge. The interface charges are divided into free sur-
face charge from the space charge, and bound surface
charge from the polarization charge, as shown in Fig. 12.
J.-H. Choi et al [26] studied the distribution of the charge
at interface oil-pressboard. They proposed that the dominant
space charge density is due to the positive ions in the streamer
head, while the negative bound surface charge is dominant
around the streamer head region, and the positive free sur-
face charge remains around the back of the streamer head,
as Fig. 13 shows. Because of the attraction force between
space charge and bound surface charge around the streamer
head, the creeping discharge developed continuously. The
repulsion force around the back of the streamer head, which
results in the force pushing forward.

FIGURE 12. Distribution of surface charges at the interface of oil-cellulose
insulation pressboard when an external field was applied [26].

Owing to these forces, faster surface discharge will be
achieved with the higher electric field intensity, as shown
inFig. 13. Compared with the 3EMO-IP, there is more permit-
tivity difference between MO and its impregnated pressboard,
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FIGURE 13. Process of creepage discharge at the oil-cellulose pressboard
interface [26].

which means larger electric field concentrated at the interface
of oil-pressboard. Therefore, more space charges were gen-
erated by ionization by the greater the field concentration at
the interface, while the negative surface charge density at the
oil-pressboard interface and the attractive force between the
space charge and the surface charge increase.

Besides, the higher AC breakdown voltage of 3EMO under
needle-plate electrode and finger-finger electrode is also
a reason for advantage of 3EMO-IP in flashover voltage.
According to the Fig. 4, 3EMO-IP also has smaller surface
resistivity, which is not conducive to accumulation of surface
charge during the flashover process.

C. SURFACE DAMAGE OF PRESSBOARD

During the surface flashover, the development of streamer
is accompanied by the thermal process which damages the
cellulose of oil-impregnated pressboard. After 30 times
of surface flashover, the carbonization marks on the
pressboard surface of 3EMO-IP and MO-IP are shown
in Fig. 14 and Fig. 15. It is clearly that the fibers on the
pressboard surface was carbonized by the discharge streamer,
and surface damage under needle-plate electrode is more
serious than that under finger-finger electrode. The press-
board surface damage of 3EMO-IP is slightly less than that of
MO-IP after 30 times flashover.

(a) 0 time (b) 30 times for needle-plate electrode

(c) 30 times for finger-finger electrode

FIGURE 14. Cellulose damage of 3EMO-IP after 30 times surface
flashover.

The fiber structure of the pressboard surface is surrounded
by insulating oil. Better thermal stability of insulating oil
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(a) 0 time (b) 30 times for needle-plate electrode

(c) 30 times for finger-finger electrode

FIGURE 15. Cellulose damage of MO-IP after 30 times surface flashover.

can protect the cellulose of pressboard surface to reduce the
damage during flashover process. In order to explore the ther-
mal decomposition of 3EMO and MO, thermogravimetric
test was conducted using TG Q50 produced by American TA
company. The heating rate was set at 10 °C/min, and nitrogen
was used to eliminate the influence of oxygen on thermal
decomposition of insulating oil.

The thermogravimetric curves of 3EMO and MO are
shown in Fig. 16. The decomposition rate of MO reached the
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FIGURE 16. Thermogravimetric curve analysis of the 3-element mixed
insulation oil and mineral oil.
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maximum 1.71 %/°C at 214.19 °C. The initial decomposition
temperature was 168.27 °C, and MO was completely decom-
posed before the temperature reached 250 °C. Compared
with mineral oil, 3EMO had two peaks of decomposition
rate, 1.185 %/°C at 219.29 °C and 0.305 %/°C at 387.90 °C
respectively. Because of low decomposition rate and two
stages of thermal decomposition, it was not until 450 °C that
3EMO was fully thermally decomposed. It can be concluded
that 3EMO is more stable than MO at high temperature, thus
has better protective effect on cellulose on pressboard surface
during the streamer development.

D. GAS GNERATION BEHAVIORS UNDER FLASHOVER OF
OIL-PRESSBOARD

Fig. 17 shows the variation of the dissolved gas contents
in 3EMO and MO caused by multiple times of surface
flashover in 3EMO-IP and MO-IP under needle-plate elec-
trode. The contents of Hy and hydrocarbon gases dissolved
in oils increased significantly with flashover times, especially
for Hy and CoH;. Compared with three times of surface
flashover, the ratios of dissolved H, and C>H, contents to
total dissolved gas content increased from 9.06% and 22.46%
to 14.00% and 43.38% after twenty times flashover. Besides,
after 20 times flashover, the content of total hydrocarbon
accounted for 51.88% of the total dissolved gases in 3EMO
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I;.J 800 H///) 3 times - 5 times - 10 times
= - 15 times - 20 times

E700

z MO-IP
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(a) Non-hydrocarbon gases dissolved in oil

2
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3700|723 s B s s IR 10 s
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n
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>
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(b) Hydrocarbon gases dissolved in oil

FIGURE 17. The contents of dissolved gases in oil after multiply surface
flashover under needle-plate electrode.
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under needle-plate electrode, while this number slightly rise
to 53.12% in MO.

Fig. 18 shows the variation of the dissolved gas contents
in 3EMO and MO caused by multiple times of surface
flashover under finger-finger electrode. According to the dis-
solved gases values in Fig. 17 and Fig.18, it can be con-
cluded the contents of characteristic gases under finger-finger
electrode is higher than that under needle-plate electrode
after the same times of flashover in oil-insulation cellulose
pressboard system. Taking the CoH, dissolved in 3EMO as
an example, the content of the CoH; after 20 times flashover
under finger-finger electrode is 18.32% higher than that under
needle-plate electrode. Compared with MO-IP, the contents
of CoH, and total hydrocarbon gases in 3EMO are signifi-
cantly smaller, and these difference is more significant with
the increase of flashover times. For instance, the contents of
C,H; in mineral oil is 37.54% higher than that in 3EMO after
3 times flashover, while this number rise to 51.39% higher
after 20 times flashover. Moreover, the difference between
the Hy contents in 3EMO and MO is not obvious, so do
CHy and CyHg.

%,

900 3EMO-IP .
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FIGURE 18. The contents of dissolved gases in oil after multiply surface
flashover under finger-finger electrode.

According to IEC 60599:2015, the ratios of CoH,/CyHy,
CH4/H, and CpH4/CyHg are useful method in diagnosis of
transformer failures, as shown in TABLE 7 [27]. Based on
the experimental data, the ratios of CoH,/CyH4, CH4/H; and
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TABLE 7. The diagnosis method of transformer failures based on
dissolved gas analysis (DGA) [27].

Case Characteristic fault C,H,/C,Hy CH4/H, C,H4/C,Hs
PD Partial discharge NS* <0.1 <0.2
DI Discharges of low > 0.1-0.5 >

energy
D2 Discharges of high 06-2.5 0.1-1 -
energy
Tl  Thermal fault T<300 ‘C NS* >1 but NS” <1
Thermal fault
T2 300 ‘C<T<700 ‘C <0.1 >1 1-4
T3  Thermal fault T>700 ‘C <0.2 >1 >4

* NS=Non-significant whatever the value

CoH4/CyHg for 3EMO-IP and MO-IP after multiple
flashover were both satisfied with the discharge fault of low
energy. The diagnosis method of surface flashover fault for
mineral oil transformer is also suitable for the 3-elemnt mixed
oil-insulation cellulose pressboard system.

IV. CONCLUSION

This paper mainly focuses on the comparative study of the
AC surface flashover properties of 3EMO-IP and MO-IP,
including surface flashover voltage, the damage of cellulose
pressboard surface and the gas generation behaviors after
surface flashover. The main conclusions are listed as follows:

(1) 3EMO-IP has slightly higher relative permittivity and
dielectric loss factor than those of MO-IP at 50 Hz due to the
difference in oil molecular polarity. With the increase of test
time, the difference on surface resistivity between two kinds
of oil impregnated pressboards decreases continuously until
they are nearly the same.

(2) The surface flashover voltage increases with the oil
gap distance for both 3EMO-IP and MO-IP under needle-
plate and finger-finger electrode, respectively. The surface
flashover voltage of 3EMO-IP is higher than that of MO-IP.
Higher breakdown voltage of 3EMO is a reason for this
advantage. Lower electric field intensities in 3EMO-IP
and more uniform distribution of electric field between oil
and pressboard also result in the higher flashover voltage
of 3EMO-IP. Besides, the lower surface resistivity of 3EMO-
IP is not conducive to the accumulation of interface charge to
improve flashover voltage.

(3) After 30 times flashover at the interface of oil-cellulose
pressboard, the carbonization of surface fibers on 3EMO-IP
is slightly less than that on MO-IP. The better thermal stability
of 3EMO can protect the fiber on pressboard surface at high
temperature.

(4) The difference in gas production properties between
3EMO-IP and MO-IP concentrates on CoH; and total hydro-
carbon gases. CoHj is the main gas produced by surface
flashover, which accounts for 43.38% of the total dissolved
gases in 3EMO after 20 times flashover. The contents of Hy
and total hydrocarbon gases also have huge increases with
flashover times. Besides, the diagnosis method of surface
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flashover fault for mineral oil transformer is also suitable
for the 3-elemnt mixed oil-insulation cellulose pressboard
system, which promote the engineering application of the
3-elemnt mixed insulation oil.
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