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Abstract: Bushings are one of the most important components of electrical equipment
such as power transformers, reactors, capacitors. Most of the installed bushings have
Oil-Immersed Paper (OIP) insulation structure. Bushing failure is caused by various
reasons such as poor manufacturing process, overloading and also poor installation
process, but moisture ingress is one of the main reasons of OIP bushing defect during its
operation. In this paper, the electric field distribution of OIP bushings in multiple
situations are simulated and effects of moisture distribution are analyzed. The
simulations are stablished in polluted and clean surfaces of the studied bushing and done
by COMSOL Multiphysics Software. The results show that non-uniform moisture
distribution has a significant effect on electric fields of OIP insulation. This effect
strongly increases with increasing the pollution on the external insulator of the bushing.
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1 Introduction

HE Power transformers are one of the most

important and expensive equipment of power
system. According to statistics, one of the most
important causes of the accidents on power transformers
is the bushing [1-3]. Also, as reported in [1], the main
source of fire accidents in transformers is bushing.
Bushings are equipment that doesn’t have any
protection, so if any failure occurs in their internal
insulation system, it will lead to explosion. The structure
of most high voltage bushings is condenser type. This
type of bushings includes some aluminum foils wounded
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around the core cylindrical and make multiple capacitors
to homogenize the electric field in the bushing [3].

The main insulation system of the most of the bushings
that are installed on transformers is Oil-Immersed Paper
(OIP). Because of paper in OIP bushing insulations, the
moisture has tendency to penetrate into this type of
bushings. In the transformer's oil-paper insulation
system, the moisture absorption ability of insulating
paper is approximately 104 times stronger than
insulating oil, and the vast majority of moisture exists in
the insulation paper when the moisture in the oil-paper
insulation system is in equilibrium [2]. For condenser
bushing, the thickness of insulation paper is thinner than
that of insulating paper in transformers and the moisture
absorption ability is stronger. So, the moisture is almost
completely concentrated in the insulation paper, and will
be accelerated the insulation aging process [2]. The main
source of moisture is from oil leakage through gaskets
[4]. Besides, the aging process can increase the moisture
in the bushing insulation system. Moisture is one of the
most destructive features of the bushings. It can cause
partial discharges and electric arcs inside the bushing.
Moisture in OIP insulation system has a diffusion nature
and move from paper to oil and vice versa by the
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temperature changes [5]. Also, moisture distribution is
related with the time of penetration. In the early times,
the moisture distribution of the bushing is non-uniform,
but over the time, the moisture distribution changes and
becomes uniform [6]. As the importance of the electric
field changes in the bushing internal insulation [7], in
this study, the effect of the moisture on the maximum
electric field is investigated. The issue of the moisture in
bushing insulation has been investigated in some papers,
but most of them are related to measurement and
estimation of the moisture [8-10]. In [9], the effect of
moisture distribution on the bushing has been studied,
but these investigations were on the frequency domain
spectroscopy (FDS) curve. [11] has investigated the
effect of the moisture on the electric field, but in that
study, only the changes on the dielectric permittivity
have been studied and the changes on the conductivity
have not been considered. Similarly, in [12] the moisture
distribution effect on the internal fields of bushings have
been assessed, but they didn’t aspect the electrical
conductivity changes on their assessment. The effects of
moisture on bushings have been experimentally
evaluated in [7], but its impact on the electric field has
not been considered.

Since the bushings are external equipment, there is a
possibility of pollution on its outdoor insulator,
especially in industrial environments. As the pollutions
make conductive layers on the surface of bushing, and
they can affect on the electric field distribution. The
number of articles that have examined the effect of
pollution on the bushings is very small. In [13-15], the
effect of pollution on the bushing insulators has been
investigated, but these investigations were mainly
studied on the external field of bushing. In [16] the
environment effects on the bushings have been evaluated
but the bushing was a SF6 tank type bushing.

However, the electric field evaluation of a practical
insulation is so complex that an analytical method is
very difficult, if not possible, to compute the exact
solutions. Numerical methods such as Finite Element
Method (FEM) are thus often adopted in engineering
applications to derive acceptable solutions [17].

In this paper, the internal electric field of the power
transformers bushing under two operational conditions
such as moisture and insulator pollution has been
investigated by FEM method. In the previous studies
didn’t perform a complete assessment on the moisture
distribution effect but, in this paper, the effects of
moisture distribution on the electric field of OIP
bushings are simulated and analyzed. For better
evaluating this issue, it is assumed the moisture enters
the bushing through the flange and gradually penetrates
to the inner layers. This issue is investigated in 8
scenarios or stages, which the last stage is uniform
moisture distribution. So, the difference between the

uniform and un-uniform distribution of the moisture in
the bushing insulation is also discussed. Also, no study
has been conducted on the effects of external surface
contamination on the internal field of the bushings, so, in
this study, analysis of bushing insulation under surface
polluted and non-polluted conditions have been done.
For defining the level of contamination, the IEC
standard has been used. Besides, the effects of the
internal moisture and the external pollution on electric
field of the bushing have been evaluated simultaneously.
In this study, the temperature of bushing insulation
system insulation system is assumed uniform and equals
to ambient temperature (20°C). The studied bushing is
an 145kV OIP bushing with porcelain insulator, and the
simulations has been done by COMSOL Multiphysics
software based on finite element method (FEM).

2 Methodology

2.1 Moisture Distribution in OIP Bushings

Moisture in the insulating papers tends to diffuse and
distribute uniformly throughout the material. Moisture
diffusion in the insulation can be estimated from Fick's
second law [10]. This law is expressed by this equation:

et = V. (D + D,)VC] (M

Where C is the local moisture concentration and Dr,
Dz are diffusion factors along radial and axial directions,
and t is the diffusion time. In the condenser bushings
because of aluminum foils, the speed of moisture
diffusion at radial direction is lower than axial, so it
takes long time (many days) to get uniform [18].
According [10], diffusion factor can be calculated by an
empirical relationship that is shown here:

D(Cpaper' T) = Doexp[kcpaper + E,(1/T, — 1/T)] (2)

Where D is diffusion factor and T is the experimental
temperature in Kelvin and Ea is the activation energy of
the diffusion process (8074 J/K) and DO = 1.34 x 10—13
m2/s, k =0.5 and TO =298 K.

For analyzing the moisture effects on dielectrics, the
changes of its properties have to be assessed. As the
bushings main insulation is OIP, the evaluation has been
on the main electric properties of OIP. For electric
studies, the important parameters of insulations are
electric conductivity (o) and dielectric relative
permittivity (er). Both of these properties are affected by
the moisture of dielectric system, but conductivity is
much more sensitive than permittivity [19]. The relation
between moisture content of OIP has been extracted by
an experimental work as Fig. 1 [11].

According to this curve (Fig. 1), the relative
permittivity of oil-immersed insulation paper can be
estimated approximately by its moisture content
percentage (mc) as Eq. 3 shows [11]. The moisture
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content percentage (mc) means the total water weight in
layer divided by total paper weight in each layer.
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Fig 1. Measured and fitted results of relative permittivity for
oil-immersed insulation paper with different moisture contents

[11]

Based on Eq. (3), as the water content inside the OIP
increases, the permittivity also increases; This is due to
the polar nature of water molecules. Water has a high
permittivity, and when moisture infiltrates insulation
materials, it introduces additional dipolar polarization.
This added polarization enhances the material's overall
permittivity [4].

e =3.73+0.18 X mc 3)

But electric conductivity relation is more complicated,
because of frequency dependence of this property. For
calculating the conductivity, the modified Havriliak—
Negami (HN) model has been used [20]. In this model,
the complex permittivity of an oil-paper dielectric is
related to paper moisture content by this equation [12]:

* _ €s—E€c0
£(®) = &0 + T gonap @
A cos(B6)
g'(w) =¢gp + ECOZHB B/2 (5)
(1+2(m‘r)°‘cos(7)+(m‘r)2°‘)
Ae sin(—[0 o
) = (—B8) , o

(1 + 2(w1)*cos(am/2) + (wt)2)B/2 ~ gy

where ® is the angular frequency, es is the static
permittivity (low-frequency), eco the permittivity at the
high-frequency limit, 7 is the relaxation time, o and 3 are
parameters reflecting the distribution of relaxation time,
and they are between 0 and 1. Ae is the difference
between the €s and g, and cDC is the DC conductivity
and 0 a parameter which has the following expression
[12]:

(w1)%sin(am/2) ]

6= arCtan[1+(mt)°‘cos(aﬂ/2)

(6)

Ag = 0.85 exp(mc/0.98) + 0.22
B = 0.33 + 0.05mc (7)
T=1886.13 x mc~ 084

opc = 1.5 x 1071 x exp(mc/0.99) + 4.88 x 10~ 11

Based on relations between insulations electric field
(E) and current density (J), the electric conductivity (o)
can be extracted from Equations (8) to (11). As shown in
Equation (8), the current density can be separated into
charge current density (Je) and loss current density (Jo),
and also can be expressed by complex relative
permittivity (Eq. 9). From relations Eq. 8 and Eq. 9 and
complex permittivity equation (Eq. 10), the complex
relative permittivity can be extracted (Eq. 11) and the
electric conductivity can be obtained (Eq. 12) [13]:

J=Je +]o = jweot;E + oF = joeg(er — 5 E ®)
] = jogoer E ©)
=g —je" (10)
r_ nm__9_

g=¢g , €= o (11)
0 = wegye” (12)

Based on the Equations (12) and (5), the electric
conductivity can be calculated from paper moisture
content as shown below:

_ wegpAe sin(—B6) opc
0= (1+2(w1)% cos(am/2)+(wT)2%)B/2 " gyw (13)
2.2 Pollutions effects

The surface pollution effects on the insulators are
considered as a thin layer along the bushing external
surface [14]. Electric field along the insulator surface
can be calculated directly from the potential distribution
[15]:

E=-VV (14)

Maxwell's equation could be used to calculate the
change in electric field:

V.E=§ (15)

Where p and €& are the free charge density and
dielectric constants of material respectively. Equations
(14) and (15) can be combined to obtain the Poisson's
equation [8]:

—V.(VWV) = g (16)

Poisson's equation will become a Laplace equation if
there is no space charge [21]:

V2V =0 (17)

Iranian Journal of Electrical & Electronic Engineering, Vol. 21, No. 03, September 2025 3



The pollution layer is modelled as a conductive layer
and the conductivity of this layer change to simulate the
effect of pollution severity level. For defining the
severity level of pollution, IEC60815-1 standard is used.
In this standard, the pollutions are categorized to 5
classes (very light, light, medium, heavy, very heavy)
[22]. According to these classes, some conductivities are
assumed from 1 S/m to 1 uS/m for the pollution layer.

Based on the Conservation law that governs the
conductive layer, it can be expressed as follows [23]:

V.Jy +jw(V.D) =0 (18)

Where J, is the volume current density (A/m2) and D
is the electric flux density (C/m2) and o is the angular
frequency (rad/s). The current density can be written in
term of electric field in equation Eq. 19, and by
replacing equations in Eq. 18, the main equation (Eq. 20)
can be obtained, where o, is volume conductivity (S/m)
and ¢ is permittivity (F/m).

V.Jy =V.(Je +J5) = V. (0,E + jweE) = V. ((o, + jwe)E) (19)

(oy +jwe)V2V + jops = 0 (20)

According to some researches, the surface charge
density (ps) along the insulator can be considered equal
zero, so it results to solving a modified Laplace’s
Equation [24], [25]:

(o, +jwe)V2V =10 @20
Equation (21) will be used as a boundary condition in
the pollution domain.Illustrations

3 Bushing model simulation

In this study, a sample 145kV OIP bushing (line
voltage) has been modelled in COMSOL Multiphysics
software. The bushing has 12 layers with geometries as
described in Table 1 [26]. The layers are made from
papers that wounded around main rod of bushing. These
layers are separated with cylindrical aluminum foils and
the last foil is grounded by attaching to the bushing
flange. The external insulator is assumed porcelain and
designed to be installed on power transformers. Because
of symmetry structure of bushings and in order to
decrease the processing time and complexity of
simulations, a two-dimensional (2D) axisymmetric
model is considered according to Fig. 2.

As the electric field in vertical direction of the bushing
internal insulation usually is approximately constant [7],
in this study, only the electric field changes in radial
direction of that is investigated.

Table 2 shows the electric properties of the material
used in this simulation [26]. The simulations have been

performed in frequency domain with 50Hz frequency,
and the electric current physic has been used.

Table 1. Specification of the aluminum foils [26]

Foil number rO(Sipach(ilnt% ill):t(wmeril)l Len(grgl n?)f foils
1 30 1900
2 41 1728
3 52 1390
4 63 1169
5 74 1007
6 85 880
7 96 787
8 107 711
9 118 647

10 129 594

11 140 549

12 151 510
Flange TT

OIP insulation

=3
=3
@

3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000
400
200
200

=1
@

Fig 2. Bushing model geometry
Table 2. Dielectric properties for the studied bushing [26]

Relative permittivity

Material (&)

Air 1
Porcelain 5.5
0Oil 22

OIP 4
Aluminum 108

4 Simulation Results and discussion

In this section, based on the equations presented in
section two, the simulations were established on the
studied bushing model. In these simulations, the studied
bushing is analyzed in two conditions; the first one is
under high moisture and the other is under the high
pollution. The Fig. 3 shows the potential and electric
field distribution along the radial direction (from rod to
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the last foil) under normal condition without any
moisture and external pollution.
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Fig 3. Electric potential and field distribution in studied
bushing along radial direction (from rod to flange).

In order to simulate all possible states of this study, it
has been used COMSOL Application Builder module.
By programming in this module, the moisture
distributions of the studied bushing layers were extracted
from an EXCEL table and the results exported to the
EXCEL output file. As the Fig. 4 shows, the simulations
have been done for each scenario under all pollution
conditions. According to this chart, after preparing the
bushing model geometry and physics, at the first loop, it
is consumed the bushing internal layers has minimum
moisture with no pollution on its the external surface.
With this consideration, the dielectric constant and
electrical conductivity for internal layers and external
pollution layer are calculated according to (3) and (13),
then the simulation is run. For the second loop, the
moisture distribution is changed based on the second
predefined scenario and the dielectric constant and
electrical conductivity are calculated for the layers and
then the simulation is run again. These steps are
performed until the last scenario (S8). After the last
simulation, the pollution level changes and becomes
heavier, for the new pollution level, all scenarios from
S1 to S8 are run again. These steps are performed for all
pollution levels.

4.1 Effects of Internal Moisture on Electric Field
Distribution

In this section, to simulate the moisture in the studied
bushing, its effects on the main electrical parameters of
the bushing are simulated. The relationship between
moisture and relative permittivity and electrical
conductivity in OIP insulations has been discussed in the
previous sections. It is assumed that the moisture is
penetrated from the flange gasket and it goes to the
central parts of internal insulations in bushing. It is
mentioned, according to Fick’s low (1), water tend to
diffuse in the insulating paper and when the time passes,
the moisture distribution also changes. Also, according
to some experimental works [6], [12], the moisture

distribution along the time can be like Fig. 5. Therefore,
some scenarios are assumed in this study.

It is assumed the moisture distribution start from stage
S1 to S8 (8 scenarios). At the last stage (S8), it is
considered the moisture diffuse to all of the insulations
and the equilibrium is reached, so the moisture
distribution is uniform at this stage. In order to model
the un-uniform moisture distribution in bushing OIP
layers, the complex relative permittivity equations,
presented in section two, have been used to estimate
relative permittivity and electric conductivity of each
layer properties. For every layer, based on the specified
moisture, the parameters er and ¢ have been calculated
by the equations (3) and (13). After parametrizing all
layers of the bushing, the electric field distribution
obtained.

Prepare model Geometry, Materials and Physics

v

s ¢ Sct pollution layer parameters

Read moisture of layers from Excel file

Calculate o, & for each layer

Run simulation

Save results to Excel file

Next scenario

Change pollution class
A

Fig 4. Simulation Flowchart

——S1
—¥— S5

—&—S2 S3 S4
—&— S6 —t— S7

Moisture Content (%)

1 2 3 4 5 6 7 8 9 10 11 12
Layer No.

Fig 5. Moisture distribution of layers in the different stages.
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Fig 6. Maximum electric field of layers along radial direction
(from rod to flange).

Based on the calculated parameters in each stage, the
bushing has been simulated and the electric field values
in all layers obtained. Fig. 6 shows the electric field
distribution along the radial direction of all layers for
stages 1 to 8. As it shows, with passing time and
changing the moisture distribution (from S1 to S8), the
electric field distribution of layers changes. It can be
seen that, by increasing the moisture in layers, the
maximum electric field increases, but from 7th stage it is
reversed and the maximum electric field decreases. This
is due to approaching the bushing to the moisture
equilibrium state (approximately equal moisture in all
layers); as the moisture get more uniform, the electric
field distributes uniformly, even in high moisture
contents. Fig. 7 shows the voltage distribution inside the
bushing from rod to the last layer. The voltages shown
for each layer are measured in the middle of each layer,
which is why the first layer is slightly lower than the rod
voltage (83.7 kV). As Fig. 7 shows, the moisture
distribution has a significant effect on the voltage across
the layers.

Fig. 8 shows the maximum electric field of layers for
each stage. It can be seen that, stage 6 has the most
maximum electric field that created in the OIP insulation
in compare with the other stages, and the last stage (S8)
lowest maximum electric field due to uniform moisture.

Also, in order to compare the stages in terms of the
amount of water penetrated into the insulation, the
average moisture content has been calculated in this
section. This parameter has been used in the most of the
electrical tests for assessing the insulations condition.

—=—S1

——S2

S3 S4

1 2 3 4 5 6 7 8 9 10 11 12
Layer No.

Fig 7. The voltage distribution of layers (middle of each layer)
along radial direction.

3.5
= 3
Z@ 2.5
HX 15
5 1
=

0.5

0

S1 S2 S3 S4 S5 S6 S7 S8
Stages

Fig 8. Maximum electric field in OIP at stages 1 to 8

Here, the average moisture content (mc,y) is obtained
by calculating the weighted average in total OIP
insulation. The equation (22) shows how to calculate the
average moisture.

12
_ iz wilidimg;

MCay = Y12, wilid; (22)

Where, w; is the weight density of iw layer insulation, I;
is the length of iy layer insulation, d; is the width of i
layer and mc; is the moisture content of ix layer.

Table 3 shows the results for each stage compared to
the maximum electric field. It can be seen that, increase
in moisture content of OIP insulation doesn’t have
correlation with the maximum electric field in that.
Therefore, focusing only on the tests that calculates
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average moisture content can’t help to evaluate bushing
internal insulations condition completely.

Table 3. Average moisture content (%) and maximum electric
field in OIP at stages S1 to S8

Stage S1 S2 S3 S4 S5 S6 S7 S8

Average

m.c. (%) 1.7 28 41 55 57 79 9.6 10
Max.
electric
field(kv/

mm)

20 22 23 25 29 33 23 16

4.2 Effects of Insulator surface Pollution on Internal
Electric field Distribution

In this section, the studied bushing has been simulated
with different moistures distribution and external surface
pollution levels. The pollution has been simulated as a
thin layer (width 1mm) along the external surface of
bushing insulator (Fig. 9). The properties of this layer
have been already defined in Table 4. At pollution levels
mentioned in this table, the permittivity of the layer
assumed constant, because of low sensitivity on the
electric field distribution [27]. Based on the pollution
levels as discussed before, the effects of the different
pollution levels (light, medium and heavy), on the
external and internal insulations of the bushing are
evaluated here.

First, the electric potential distribution along the
external surface of bushing insulator has been evaluated
in all pollution levels without internal moisture. Fig. 10
shows that, as the pollution level gets heavier, the
potential distribution gets smoother. The reason is that,
the external pollution layer is like an external current
path from bushing top cap to the flange; under low
pollution condition, this current is almost capacitive
(capacitive property), and as the pollution increases, the
thin layer becomes a better conductive layer and its
current path entering in resistive property.

S—

e |nsulator

_ - Pollution Layer

ate 50 hoe

Fig 9. Pollution layer on the studied bushing insulator

In this section, the effects of the external pollutions on
electric field distribution in the internal surface of the
bushing insulator have been evaluated.

For this purpose, based on the previously mentioned
scenarios, the OIP insulations are assumed to contain
moisture. The internal surface that electric fields has
been measured is shown in the Fig. 11; it is a path in
contact with bushing oil. To analyze the effect of the
external contaminations, the electric field distribution
under each pollution level and without any pollution has
been obtained according to Fig.12.

Table 4. Properties of different pollution levels in simulations

electric conductivity

Pollution levels (S/m) permittivity
Light 1*¥10° 30
Medium 1*10-3 )
Heavy 0.1 80
90000
80000 | — — dem
70000 "\ light
% 60000 \ ,\ ) medinm
% 50000 \I \!\ . seeee heavy
5 Yoy \ ,\ :
_‘: 40000 v \/\ K
& 30000 Y VAL,
2 v \/\\/\
H A
20000 VA
A S
10000 —.,\\ﬂ\_\.‘
0 iy

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Creepage Distance (mm)

Fig 10. Electric potential distribution along the bushing
external insulator under different pollution levels.

Inside Path

Top side

i

Fig 11. Inside path of bushing (blue color).
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Fig 13. Maximum electric field in inside path, under different
pollution levels and scenarios S1 to S8.
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Fig 14. Electric field distribution of the bushing in inside path
and under heavy pollution.

Fig. 12-a shows the electric field distribution under
clean insulator. It can be seen that, by increasing
uniformity of the moisture under different defined
scenarios from S1 to S8 in the OIP insulation,
themaximum electric field in the middle range of the
inside path decreases. That means, the lower moisture
leads to more electric field values. This issue can be seen
under other pollution levels as well.

Fig. 13 shows the maximum values of the electric field
in the internal path of the bushing under different
pollution levels. The results show that, with increasing
the pollution level on the external surface, the maximum
value of the electric field significantly increases. Also,
the electric field values of the first scenarios is more than
the others. It means, the early stages of moisture
penetration into the bushing can be more dangerous than
its diffusion in the insulation, from aspect of the electric
field.

In Fig. 14, the electric field distribution of the bushing
with uniform moisture content is shown under heavy
pollution. It shows that the maximum electric field in the
inside path occur near the top side of the last OIP layers,
especially near the last foil edge. The reason of this peak
is overlapping the external electric field that affects from
external pollution, and the bushing internal foil edge
electric field which affects from internal bushing electric
field distribution. Unlike the moisture, which has shown
significant effects on the internal electric field of the
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bushing (as shown in Fig. 6), the simulations showed
that the effect of bushing surface pollution is mainly on
the electric field of the last layers and has no noticeable
effect on the middle and early layers of the bushing.

5 Conclusion

In OIP type bushings, the moisture has tendency to
penetrate into insulating system. In this paper, effects of
the moisture distribution on the electric fields of the
bushing layers have been evaluated. This evaluation has
been done by simulating in COMSOL Multiphysics
software based on FEM solutions. The results have been
shown that as the moisture penetrate to the bushing, the
electric field distribution in the OIP insulation is affected
and get un-uniform, but with time passing, the moisture
in the insulation reaches equilibrium and electric field
becomes uniform. So, at the early stages of moisture
ingress into the bushing, the maximum electric field of
OIP insulations strongly increases (even to twice in
compare with uniform moisture distribution), which
increase the risk of bushing operation. Also, in this
paper, the process of moisture penetration into the
bushing has been categorized to 8 stages or scenarios,
and the average moisture presented in each stage has
been calculated. The results have been shown that the
maximum electric field in OIP insulations is not
corelated to the average moisture of that, and the
distribution of the moisture is important.

Also, the external surface pollution effects on the
bushing were studied. The results shown that, when the
pollutions severity rises on the bushing surface, the
internal electric field of the bushing significantly
increases. This affection is more when the moisture
penetrates to the bushing especially at the early stages of
ingress. It has been shown that, if the distribution of
moisture becomes more uneven, the intensity of the
electric field on the edges of the last layer’s foil of
bushing insulation increases and the risk of bushing
failure greatly increases.

For future works, the effect of the penetrated moisture
on the leakage current of the bushing can also be
investigated. In this paper, continuous and uniform
pollution effects on the internal electric field of the
bushing is considered, but the effect of non-uniform
pollution on the electrical field of the bushing can also
be investigated in future works.
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