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Abstract

At the end of a power transmission line, the cable should be terminated carefully, otherwise it
will create problems during the operation. A special equipment called termination is designed to
tackle down the problems from cable ends. The main functional part of a termination is a piece
of rubber with a cone shape. This rubber cone has a semi-conductive layer which is connected
with ground potential. By doing this, the cone smoothens the concentric equipotential lines at
the cable end, so the electric field stress there can be decreased. The cone in the termination is
called stress cone. However, insulation degradation on the termination stress cone due to water
contamination is often found in its operation. This, in the end, will cause operation failures in the
power network. This research aims to investigate the influences brought by water
contamination on the stress cone, and discuss possibilities of detecting the presence of water
content by using electrical methods. By using 3D FEM simulations, the changes of electric field
distribution, especially the filed along the oil-rubber interface, were studied. Based on the
simulation results, we built up a small scale test setup to observe how water contamination
behaves on the oil-rubber interface, and measured the changes of partial discharge signals and
tand values. As conclusions, we discussed the electrical ways of detecting the presence of water
contamination on the stress cone, and gave suggestions for the future work.
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1 Introduction

Substation transforme_lr]
High voltage transmission line || ﬁ
! Consumer

Generating station = f—
o o)
=Tl

e A i

Generating transformer

Figure 1 Electrical power network

The electrical power consumed by customers is generated by power generating stations. In
between the generating stations and consumer sites, there is a complete network for
transmitting power [1]. This transmission network is also called cable system which consists of
power cables and all kinds of accessories. Typically, there are three main parts in a cable system,
these are cables, cable joints and terminations .

Termination 1 Termination 2

 aa——
| I

HV cable Cable joint HV cable

Figure 2 Cable system illustration
Just like vessels transporting blood in human bodies, power cables are used to carry and
transmit electrical power. Due to the restrictions of manufacturing and limitations of shipping,
power cables cannot be produced over certain length. Therefore, joints are made to link two
segments of cables together. At the end of a power transmission line, the cable should be
terminated carefully, otherwise it will create problems during the operation [2].

A special equipment called termination is designed to tackle down the problem from cable end.
The main functional part of a termination is a piece of rubber with cone shape. This rubber cone
has a semi-conductive layer which is connected with ground potential.

Equipotential lines OO/Equipotential lines
0
W,

~“Electric field lines -

Stress cone

Figure 3 Cable-end controlling
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By doing this, the cone smoothens the concentric equipotential lines at the cable end , therefore
the electric field stress there can be decreased. That's why this rubber cone is also called stress
cone. The stress cone cannot work independently. It should be put in a container or a housing
which isolates the cone from outside. The space
between the stress cone and the housing wall is
normally filled with insulating material to provide
enough dielectric strength. Oil type material is widely
chosen as the housing insulating material, since it not
only has outstanding insulating performance but can
also effectively transfer and cool down the heat
generated by the inner components. The whole setup
here is called oil cable termination. This type of
terminations has been used in power industry for
decades. However, it doesn’t mean that the oil
termination is flawless. Impurities, especially water Figure 4 Oil termination and inside
contamination, in the insulating oil will create a lot of cone

troubles during its operation.

Stress cone

Water contamination is regarded as the major cause for oil-filled termination failures [3]. Water
content could ingress into the termination housing through top bolt due to poor tightening
techniques during sealing process when it is manufactured. And during its operating life, water
ingression could also from ambient environment [4]. This ingression of water content will
contaminate the insulating oil. Normally there is only a small amount of water in an oil
termination. And water content is always dissolved in the oil as long as its amount is below the
solubility of oil. The solubility is decided by the type of the oil and is mainly influenced by
ambient temperature [5]. So in real situation, water contamination could be both dissolved
water content, which is also known as oil-water emulsion, and liquid water content, such as
water droplet on the stress cone surface. Based on the investigation [4], different kinds of
termination faults happened due to water contamination. These faults include regional
breakdown, surface treeing and material erosion. Water content in the oil termination could also
cause regional overheating which accelerates material degradation[6].

Figure 5 Electrical faults in the oil termination due to water contamination [4].

In order to investigate the effect from water contamination in the oil termination, Prysmian
Netherlands carried out a project with Technical University of Delft in 2016. In that project [7]: a
2D model of the termination was built and its electric field was simulated; the breakdown
strength of termination oil, dielectric response and partial discharge activity in different oil



9 1 Introduction

samples were tested. However a 2D model is not enough to simulate the effects brought by
water contamination. Secondly there was no intention on the oil-rubber interface where most of
the faults happened. Moreover, short term PD measurement is not convincing to adopt this
method for onsite detection. Experiment with a longer period is required to valid the
effectiveness of the PD detecting method.

Besides the former research, there are some other research related to the our topic. In the
research [4], oil termination failure due to water contamination ingression was reviewed, and a
particular moisture sensor was evaluated. The process of static charges accumulation on the
liquid-solid interface was recognized by [8].The discharge propagating along the liquid- solid
interface was investigated by [9]. The surface degradation of solid material caused by oil-water
emulsion was researched by [3].

The studies mentioned above can be used as instructions for our own research. The objectives of
this thesis work can be found below.

Our thesis objectives are based on the requests from Prysmian and taking into account the
suggestions from previous works.

» Electric field change due to the presence of water contamination on the
oil-rubber interface

First we would like to know the electric field change due to the presence of water contamination
on the oil-rubber interface. The change of the electric field includes both the amplitude and the
directions. From our point of view, it is highly important to know the amplitude change in the
parallel direction with the oil-rubber interface. The change may correlate with the parameters of
water contamination. These parameters may include the size of the contamination, the relative
permittivity or the electrical conductivity of the moisture, etc. This part can be done by using a
3D model of the termination and simulating on the electric field distribution.

» Small scale test setup construction for measurement and observation on
the oil-rubber interface

Later on we need to build up a small scale test setup and observe the change on the oil-rubber
interface with water contamination under electric stress. It's not easy to observe the phenomena
in an operating cable termination, since the out layer is not transparent and it is dangerous to
get close to high voltage equipment. By building up a small scale test setup, we could replicate
the situation in a more controllable and observable way. In order to get valid data, we have to
come up with a proper configuration for our setup. Relevant components should use the same
material from a real termination.

> Conclusions of thesis work and recommendations for future work

In the end, we would like to discuss the possibility of detecting the water contamination in the
termination and propose for future work. By designing and conducting series of high voltage
experiments, measuring results can be used as an indication of the presence of water
contamination. After scientific analyses, we can give conclusions on the possibility of detecting
the water content in the termination and propose for future work.
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The first part of this report is an introduction to our research. Following with chapter 2 where
we discuss the electrical simulations performed on the termination 3D models. In chapter 3 the
process of building up a small scale test setup is presented. Electrical measurements are
elaborated in chapter 4 and 5. In the last chapter, we discuss the possibilities of detecting the
water contamination, and propose for future work.
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2 Electric field analysis on the
termination

The main insulating material in the termination includes XLPE, rubber and oil. For different
material, they have different aging process and breakdown mechanism.

» Insulating properties of solid material

Normally the solid material is chosen to be the insulating material due to its self-supporting
structure and high breakdown strength. For example, XLPE, also known as cross-linked
polyethylene, is widely used as cable insulation. Some investigations have been done concerning
about the aging state of the XLPE insulation. By testing the oxygen induction time or measuring
the crystallinity of the XLPE, the aging state can be decided [10]. There is also research focusing
on the activation energy and the isothermal relaxation current of the XLPE [11]. These methods
are based on the fact that the XLPE is semi-crystalline polymer, so the electrical performance of
it depends on its C-0O elements and polymer structure.

Rubber is another commonly used insulating material, such as the stress cone in the termination.
It's not only the dielectric strength but also the elasticity of the rubber make it suitable for
functioning as the cable accessories. By elasticity, it means that the stress cone can be stretched
to fit with the cable. By stretching, the rubber cone also provides necessary pressure on the
cable and guarantees its fixation. The pressure from the rubber on the cable insulation prevents
the air bubbles in between the rubber and XLPE interface. Otherwise the air bubble may cause
detrimental problems to the termination. The insulating properties of the rubber is dependent
on the ambient temperature [12].

The electrical degradation of the solid material is often caused by the inside cavities. This
imperfection originates from the impurity during the production process.

» Insulating properties of liquid material

340 XLPE s
Liquid insulating material, like the oil used in the termination, is 320 | o oy
also a widely adopted insulating solution. Unlike solid 300
insulation which has permanent defects after a fault happened, 280
liquid insulation is able to electrically self-heal. Another 260
advantage of liquid insulation is its heat transferring ability, 240
which makes it the best choice for transformers and cable 220 .
accessories. Obviously, a container is always needed to house 200
the liquid. The main drawback of liquid insulating material is 180
that they are normally combustible [2]. 160
140 -
» Insulating properties of the interface and S ARERnS ”

triple point Figure 6 Illustration of the

interface in a

Besides the insulating material itself, it is also very important to S o
termination(size in mm)

discuss the insulating properties of the interface between two
different materials and the triple point shared by three different
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materials. The surface of the stress cone is a typical liquid-solid interface, as it in the figure 6.
The interface normally has a lower dielectric strength which results in a higher chance to cause
breakdown [13]. The dielectric strength for the interface is even lower than the solid and
contaminated liquid materials [14]. The interface is normally regarded as the weak part in an
insulating system, since it provides a path for transporting electrons between two dielectrics.
This ion collecting along the interface will result in significant tangential electric field increment
and evokes surface treeing [15].Triple point is defined as the area shared by three different
dielectrics [16]. It's not necessarily to be a point. In our case, it can refer to the end of the stress
cone where XLPE, rubber and oil meet together, as in the figure 7. This is not the only triple
point in a termination. If there are water droplets presenting on the surface of the stress cone,
the conjunction of water, oil and rubber also forms triple point. The triple point should always
be given special attention in the high voltage construction, since it is always the original point of
insulation degradation[17].

» The importance of the E-field

The dielectric strength of different materials has been
discussed in the paragraph above. The electrical stress
they bear is decided by the electric field distribution.
The E-field distribution depends on the applied voltage,
the configuration of the insulation system and the
relative permittivity of the materials. The higher the E-
field strength, the stronger the electrical stress is on
the insulating materials. If the amplitude of the E-field
exceeds the dielectric strength of the material, there
may be partial discharge or complete breakdown in the
insulation. The maximum allowed field strength along
the rubber surface is 7 kV/mm, according to the
company specification. Therefore, knowing the E-field
distribution is of great interests for insulation system
designing and testing.

Oil housing

Rubber

Figure 7 illustration of the triple
point in a termination: the blue
line indicates the triple point
where oil, XLPE and rubber
converge

» Water contamination in terminations

The presence of water contamination greatly changes the electric field distribution. And it also
affects insulating properties of the components in oil terminations. The dielectric strength of
termination oil will decrease when dissolving water content. Water content on the cone surface
will create new interfaces and triple points. This will further decrease the dielectric strength
along the stress cone surface.
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o =

In order to know the influence brought by the water
content, we have to know the electric field distribution
in the termination without water. The E-field
calculation can be done by using finite element method,
which is also known as FEM. This calculation process is
also called simulation. There are several commercial
soft wares for FEM calculation and the one we use here
is COMSOL Multiphysics®.
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First of all, a model is needed to represent our
termination. It can be a 3D or 2D model depending on
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its geometry. Here a 2D simulation model is enough to Vg‘é‘g .
know the E-field distribution without water content, oo "0 T
since the termination itself is axisymmetric. As we can  Flgure 8 Termination model built in
see from figure 6, the model contains of four main AutoCAD; meshing results in
parts. They are outside air, insulating oil, rubber cone COMSOL(size in mm)

and inner cable. The model can be built either by a

drawing software, like AutoCAD, or by internal

drawing module from the simulation software. It's recommended to use AutoCAD if the model
being built is complex, since AutoCAD has a better user interface for drawing purposes.

After building up the model, it can be imported to the COMSOL. The material properties of
different parts in the model should be defined in order to give relevant physical properties for
FEM calculation. Different physical properties are required according to the simulation types.
The types of the simulation are decided by the physics involved and study modes it uses. In
COMSOL, it has 11 different types of physic, such as AC/DC or Acoustic, and five study modes
including Stationary or Frequency domain and etc. For us, we hope to know the electric field
distribution in a termination under steady state, so a stationary study of Electrostatic type is the
most suitable. For the simulation we choose, it requires the relative permittivity of different
materials. This is given by the material suppliers. The values are 2.3, 3.1, 2.1, 1 for XLPE, rubber,
oil and air respectively. The equivalent circuit and model configuration can be found in the
figure below.
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Figure 9 Equivalent electric circuit under static simulation(size in mm)
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On the left part of the figure is the equivalent circuit for simulation calculation. The surface of the
conductor is applied with high voltage at 70 kV. The semi-conductive rubber cone and the semi-
conductive layer of the outer cable are grounded. As we can see from the circuit, the electric field
distribution is capacitive if the simulation is electrostatic under stationary. The capacitance of
different parts of the termination can be derived by the formula below,

_ ZT[LkEO (1)

b
L 3]
This formula applies for the cylindrical structure, like terminations. In the formula, L is the

length, k is the relative permittivity, The voltage distribution can be determined after yielding
the capacitances.

CTotal (2)

CMaterial
In the end, the electric field can be decided by the formula

VMaterial = Vsource

_ (3)
dx
After inputting in relative permittivity for each part of the termination, we need to mesh the

geometry. The whole model is then meshed into pieces of triangular. For each piece of the
triangular, its calculation is based on the Gauss’s law and Poisson’s equation.

E

VD = p (4)

In which p is the electric charge density and D is the electric displacement or the electric flux
density and is given by the constitutive relation:

D=¢E+P (5)

Where €, is the permittivity of vacuum with value of 8.854*10-12 F/m, and P is the electric

polarization vector that describes how the material is polarized in an electric field. So P can be
seen as a function of E. Under linear condition, we get

D=¢eE (6)
By combining the equations above,

—V(e,VV —P) =p (7)
The final equation is used to describe the electrostatics physics inside dielectric materials in the
simulation result analysis [18].

After meshing the whole geometry, the electric field distribution of a termination can be
calculated. The result can be seen on the left part of the figure. Our research interests are
focused on the out layer of the stress cone. From the simulation result, the point on the cone
surface with the highest electric field strength is somewhere near the top of the semi-conductive
cone. In order to know the reason for this position, we did other simulations where the semi-
conductive cone is moved to both a lower and a higher positions.
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Figure 10 Electric field distribution with different positions of semi-conductive cone(size in

mm)

From the figure above we can see, the position for the highest electric filed is decided by the
position of the semi-conductive cone. When the cone is moved up, the highest electric field point
is also lifted up and vice-versa. The only information we can get from the figure is the amplitude
value of the electric field strength. The electric field along the stress cone surface is of our
interests as well, since the oil rubber interface is mainly affected by the electric filed in parallel
with it. The figure 12, 13 show the electric field strength on both perpendicular and parallel
direction. The arc length is the distance between the bottom fringe of the stress cone and the
point of interest. It’s actually a straight line even though there is a word ‘arc’ in the name. Enorm
means the absolute value of the electric field strength.

norm

Figure 11 Illustration of the Arc length and electric field composition on perpendicular

and parallel direction under 70 kV
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Figure 12 Electric field decompositions along the oil-rubber interface: amplitude;
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In order to know the electric field on different directions, we have to orthogonally decompose
the field into two directions. One direction is in parallel with the oil rubber interface, the other
one is perpendicular with the interface. As indicated in the plots, E: is the electric field
perpendicular with the interface, E, is the electric field composition in parallel with the
interface. The minus sign indicates the field pointing to the bottom of the stress cone. For the
point with the highest field, the angle between E.omm and the oil-rubber interface can be
expressed as:

E
a = arctan (_r) = 36.79° (8)
Ez

This is illustrated as in the figure 12. So far, we get the information about the E-field distribution
on the oil-rubber interface. Both the direction and the amplitude of the E-field are useful to build
up the small scale test setup.

2.4. The need of a 3D model for simulation when water droplets present

It's impossible to put a water droplet in a 2D simulation model because of the symmetric nature
of 2D. This is further explained in the figure 13,

Water drop

Figure 13 Example of water droplet in a 2D model and a 3D model
If figure on the left is the plane of a 2D model, according to axisymmetric structure, the blue dot
in the figure is actually representing a tube rather than a sphere. Due to the unsymmetrical
geometry caused by water content, we need to use a 3D model, as it on the right of the figure 13.
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> 3D model simulation results

Surface electric field( kV/mm)
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Figure 14 Electric field amplitude distribution under 70 kV from 3D model simulation(size
in mm, negative sign indicates direction)

As we can see, the resulting electric field distribution from the 3D model is the same as the one

from the 2D model. The maximum electric field is 1.12 kV/mm. Notice that this value is lower

than the maximum value given by the 2D model, but the difference is within2% which is

acceptable.

A water droplet with a radius of 1 mm is put on the stress cone. Notice that the position where
the droplet lands on has the highest electric field according to the previous simulation. The
relative permittivity of water is 80 at 20 °C.

Surface electric field( kV/mm)
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Figure 15 Electric field amplitude distribution under 70 kV with a droplet presenting on
the cone surface(size in mm)
The change of the electric field after introducing the water droplet on the stress cone can be seen
from the figure 15. The maximum electric field on the stress cone surface is increased to 2.68
kV/mm due to the existence of the water droplet. In other words, the maximum electric field is
2.4 times higher than before.
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Figure 16 Equipotential line distribution, without and with water droplet under 70 kV(size
in mm)

The reason for the electric field enhancement can be explained by the equipotential lines

distribution, as in figure 17 and 18.

Figure 17 Equipotential lines go through different materials with different relative
permittivity
The electric field distribution is decided by the relative permittivity when it comes to the
interface between different material. Due to the boundary conditions, for tangential electric
field

Eir = Epr 9
and for perpendicular electric field

g1Ein = £2Ean (10)
The relative permittivity ratio between water and oil is 80/2,1. The large difference in relative
permittivity causes field line distortion. The condensing of field lines around the brim of the
droplet causes the local electric field enhancement.
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» The effect caused by different positions of water droplet

Table 1 The effect caused by different position of water droplet under 70 kV(size in mm)

Distance from stress O(perpendicular) 1(perpendicular)

cone (mm)

Electric field = -
distribution ( kV/mm) 14 W q“
Maximum E-field 1.15

amplitude on stress

cone surface( kV/mm)

Distance from stress 5(perpendicular) 10(in an angle)

cone (mm)

Electric field e =

distribution ( kV/mm) ::W ﬂu

Maximum E-field 1.10 1.10

amplitude on stress
cone surface( kV/mm)
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Figure 18 Equipotential line distribution under 70 kV with droplet placed at different
positions(size in mm)
The maximum electric field on the stress cone decreases when the water droplet is away from
the critical point. The reason for this is quite straightforward if we zoom in the electric potential
lines distribution. As we mentioned before, the water droplet will cause potential lines
distortion. However, if the water droplet is away from the stress cone, this field distortion will be
shifted away. In other words, further the water droplet, smaller it affects the electric field on the
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stress cone. It should be noted that the simulations are under static condition, so dynamic
movements caused by gravity and electric force are ignored here.

» The effect caused by the amount of water droplets

Table 2 The effect caused by the number of water droplets under 70 kV(size in mm)

Number of droplets

Electric field distribution
(kV/mm)

Maximum E-field amplitude
on stress cone
surface( kV/mm)

Number of droplets
Maximum E-field amplitude 3.71 3.00
on cone surface( kV/mm)
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Figure 19 Equipotential line distribution under 70 kV with different number of
droplets(size in mm)
When there are more than one water droplet existing, the field lines distributes differently. As
we can see from the figures, if there are another water droplet on the top of the existing one, the
equipotential lines on the right part will be tilted upwards. As a result, the field lines at the
corner will be condensed even more, so the electric field strength there will be increased. This
doesn’t mean that the maximum electric field on the stress cone will always increase with the
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increase of the water droplet number. According to our simulation results, the maximum electric
field strength with 7 water droplets is lower than with 3 droplets. So the maximum filed strength
depends on the actual field lines distribution.

» The effect caused by the sizes of water droplets

Table 3 The effect caused by the sizes of water droplets under 70 kV(size in mm)

Radius of droplets mm 1

Electric field distribution
(kV/mm)

Maximum E-field
amplitude on cone
surface( kV/mm)

Radius of droplets mm

Electric field distribution
(kV/mm)

Maximum E-field 2.30 2.30
amplitude on cone
surface( kV/mm)
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Figure 20 Equipotential line distribution under 70 kV with different sizes of droplets(size in
mm)

Based on the figure 21, the equipotential lines are the most condensed when the radius of the

droplet is around 2 mm, which gives the highest electric field. This volume of the droplet is equal

to 0.1ml.
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» The effect caused by the relative permittivity of water droplets

Table 4 The effect caused by the relative permittivity of water droplets under 70 kV(size in

mm)
Relative permittivity of 80 70
water droplets
Electric field - =

distribution ( kV/mm)

0.8 0.8

0.6 06
04 0.4

0.2 0.2

Maximum E-field 2.66
amplitude on stress
cone surface( kV/mm)
Relative permittivity of 60 50
water droplets
Electric field

distribution ( kV/mm)

0.8

0.6

0.4

0.2

Maximum E-field 2.63 2.59
amplitude on stress
cone surface( kV/mm)
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Figure 21 Equipotential lines distribution under 70 kV with droplets having different
relative permittivity(size in mm)
The relative permittivity for oil here is 2.1, and normally this value is way below the relative
permittivity of water which is around 70. As indicated in the figure 22, if the relative permittivity
of the water decreases, the field lines around the brim corner will be ‘attracted’ into the water
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droplet, so the potential lines will be less condensed. In the end the maximum electric filed on
the stress cone will be lower.

The equivalent circuits of the model are different under different study modes. It’s illustrated as
below.

Rubber

Water drople

Figure 22 The horizontal cross section of the termination

ALPE ALPE
RUBBER RUBBER

WATER WATER

Figure 23 Equivalent electric circuits under electric static study and frequency domain
study

In COMSOL, when the simulation is under electric static mode, the electric field distribution is
calculated according to the capacitance ratio between different components. This is confirmed
by using a simple model with different relative permittivity layers. The relative permittivity of
the material is required by the simulation program to calculate the capacitance. The capacitance
of a cylinder shape can be calculated by the formula. The calculation process can be found from
formula 1 to 7. For the simulation under frequency domain, the conductivity also plays a role
when calculating the voltage distribution. The formula for deciding the voltage distribution
should be changed to the one below.

ZMaterial (1 1)

VMaterial = Vsource 7 |
Tota

In which Zrot is the total impedance, Zuateria is the impedance of different components.
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» The electric field for water droplets with different conductivities under

50Hz

Table 5 The electric field with different water droplets conductivity under 50Hz at 70
kV(size in mm)

Conductivity 5S/m 0.5S/m
Electric field —m

distribution
( kV/mm)

0.8

0.6

04

0.2

Maximum E-field 2.86
amplitude on stress
cone

surface( kV/mm)
Conductivity 0.05S/m 0.0005S/m
Electric field
distribution
(kV/mm)

0.8 0.8

0.6 0.6
0.4 0.4

0.2 0.2

Maximum E-field 2.86
amplitude on stress
cone

surface( kV/mm)
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Figure 24 Potential lines distribution under 70 kV for water droplets with different
conductivities(size in mm)
Here we compare the electric field distribution with different water droplets conductivity under
50Hz at 70 kV. The electrical conductivity of the pure water is pretty low, and it increases with
the dissolution of ionic material such as salt. The sea water has a conductivity value of 5 S/m
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[19], and the tap water normally has a value between 5.00*10-4 to 5.00*10-2, Ultra-pure water
has even lower conductivity, around 5.00*10-¢ S/m. But it is normally used in semi-conductive
industry. Considering the operating environment, we set the conductivity range between 5 S/m
to 5.00*10-4 S/m. From the simulation result in figure 5, the maximum electric field doesn’t have
noticeable change with the change of the conductivity under this circumstance. In fact, the
simulated difference is within 1*10-¢ kV/mm, so it is negligible.
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» The electric field of water droplet under different frequency(0.5 S/m)

Table 6 The electric field of water droplet under different frequency at70 kV(size in mm)

Frequency 45 Hz 50 Hz
Electric field
distribution
( kV/mm)

Maximum E-field
amplitude on stress
cone

surface( kV/mm)
Radius of droplets 5 KHz 5 MHz
mm

Electric field
distribution
( kV/mm)

Maximum E-field
amplitude on stress
cone

surface( kV/mm)

The increased usage of power electronic devices in the grid introduces many switching waves
which results in severe stress with varied frequency on the insulating components [20]. The
calculation of the component impedance also involves with frequency.

Zmaterial = Zr//Zc (12)
Where Zr is the resistance R, and Z¢is the impedance of the capacitor. Z¢ equals to In order

j2nfc

to investigate the influences brought by the change of the power frequency, we did the
simulation with power frequency from 45 Hz to 5 MHz. From the results above we can see the
electric field difference caused by power frequency is still small but not as trivial as the
conductivity simulation. The difference is around 1*10-4 kV/mm.

Based on the simulation we have done, it is time to propose the testing condition which can
represent the real situation and replicate the worse scenario.
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Figure 25 Scenario which produces the highest electric field strength under 70 kV(size in
mm)
According to the simulation mentioned before, we may get the highest interface electric field if
we put 5 water droplets around the critical points with a radius of 2 mm. The maximum electric
field is 9.7 kV/mm on the stress cone. Our interests are not only on the amplitude of the electric
field but also the direction of the field.

Figure 26 Electric field at one line of the stress cone under 70 kV
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Figure 27 Electric field amplitude along the stress cone under 70 kV(size in mm)
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Figure 28 Electric field amplitude along the line for W'Y Z direction under 70 kV(size in
mm)
The electric field at all three directions can be read from the figures above. The highest field
strength are Ex=7.64 kV/mm, Ey=2.73 kV/mm and Ez=0.01 kV/mm. Although Ez is also the filed
along the oil-rubber interface, but it’s value can be seen as negligible compared with Ey.

Surface Electric field( kV/mm)

-
o

C H N W s U O N W

-60 -55 -50 -45

Figure 29 Highest electric field amplitude composition on perpendicular and parallel
directions under 70 kV(size in mm)
Based on the simulations we did, the electric field enhanced by the water droplets along the oil-
rubber interface can be as high as 2.73 kV/mm. Even though this value is below the company
limit 7 kV/mm, it is already 2.7 times higher than the field without water contamination. The
increase of the electric field will affect the operating life time of the stress cone [21]. The
relationship between stressed electric field and insulation life time can be described as [22]

L=Co/(E— Ep)” (13)
In which L is the lifetime, Co and n are the coefficients which can be derived from accelerated
aging tests, E is the electrical stress on the insulation, Er is the electrical threshold below which
no degradation takes place. Based on the equation, the electrical stress has an inversely
exponential manner on the life time of insulation. So trebled electric field along the oil-rubber
interface will reduce the life time a lot. This increase of the filed also influence the treeing
growth rate on stress cone surface [23]. The treeing growth rate is normally decided as [24],

o K (14)
¢ k,(E—Ep)

In which t; is treeing growth time of the insulation, kjand k; are coefficients defined by the
material. The increase of the electric field will shorten the treeing growth time.
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Based on the simulation results, the following conclusions can be made:
» The influential parameters

The main parameters that affect the electric field distribution on the oil-rubber interface
includes: droplets positions, the size of the droplets, the relative permittivity of the water and
the number or covering area of the water droplets.

> Field enhancement due to water contamination

The amplitude of the electric field along the oil-rubber interface can be trebled due to the
presence of water contamination. This field enhancement will decrease the lifetime of the stress
cone and shorten the treeing growth time of the cone surface. In other words, the presence of
water contamination on the oil-rubber interface will significantly accelerate the insulation
degradation.
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3 Small scale test setup design

From previous analysis we know the importance of the oil-rubber interface. The need from the
company is to detect the presence of water contamination on the stress cone surface. However
the information we get from the simulations is not enough to well understand how things going
on the oil-rubber interface, and the possibilities of detecting the presence of water
contamination. The simulations can only provide a static results, so the dynamic process and
physical phenomena are blinded. For engineering purpose, the simulations cannot give a hands-
on experience, and its results cannot give direct indication of building up the measuring systems.
Therefore we need to replicate the real situation by building up a small scale test setup. This
doesn’t mean the simulations are worthless. On the contrary, we need the information form

simulation results to come up with the setup design.
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Figure 30 Small scale test setup sample
The most straightforward design for our test setup can be found in figure 31. The basic
components in this configuration includes two electrodes, a piece of rubber. The space in
between is filled with termination oil. The electrode is made by copper. The material of rubber
and oil should be the same one from the a real termination. One of the electrodes is applied with
high voltage, and the other one is grounded. This preliminary idea should be examined to ensure
the desired electric field distribution. This can be done by using COMSOL simulation. The
relative permittivity of different components is set as the same value in a real termination. The

applied voltage is 1 kV.
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Figure 31 Simulation result of preliminary test setup under 30 kV(size in mm)
As we can see from the result above, there is a major problem that needs to be solved. In this
design, the most stressed region is not rubber surface but the oil above it. Later on, this stressed
region may cause unwanted PD signals. The electric field strength on the rubber surface should
also be adjusted to the value we get from previous simulations. Empirically, field distribution is
decided by the shape of the electrodes. Therefore we modified the shape and simulated again.

Table 7 Electric field distributions under 30 kV with different electrodes shape(size in mm)

Shape of the Sphere Cubic
electrodes
Electric field 130
distribution - ;
R ’
Shape of the Steep slope triangular prism
electrodes
Electric field
distribution

It’s obvious that the trick to ‘drag down'’ the electrical stress is to decrease the distance between
the bottom parts of the electrodes and increase the distance between the tops. The triangular
prism shape gives the most desirable E-field distribution, but this shape cannot be easily
connected with the voltage sources and grounding lead. Instead, we came up with the boot
shape electrodes.
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Surface Electric field( kV/mm)

325

35
320

3
315
310 &5
305 2
300 15
295 1
290 0.5
285 0

260 270 280 290 300 310

Figure 32 Electric field distribution under 30 kV with boot shape electrodes(size in mm)
This boot shape design can stress the rubber surface in a wanted way and is easily to connection
with the voltage source and grounding lead. The sharp corners and edges would cause field
concentration and create problems, so they will be avoided when it's made. Now the electrodes
shape is good enough but the rubber surface still need to be revised. In a real termination, stress
cone surface has a cylindrical shape instead of being flat. Even if a flat shape rubber is acceptable,
it cannot be made easily. The shaving and cutting process will create a rough surface which
could strongly influence the experiment results. In order to make the experiment as perfect as
possible, we discussed with Prysmian and they agreed to provide a real stress cone. The relevant
size of the stress cone can be found below. The designed electrodes cannot stand on the cylinder
rubber surface, so we adapted the electrodes to fit with it. Finally, we can assemble our real test
setup.

280
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160 D
Semi-
conductive
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Figure 33 Size of the cone; electrode shape; final set up®
Volume Electric potential (V) Surface Electric field( kV/mm)

260

Figure 34 The electric potential distribution and the electric field distribution of our test
setup under 30 kV
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Before applying any voltage, we used COMSOL to simulate the resulting electric field.
Dimensions in 3D model are the same in real test setup. Notice that the shape of the stress cone
is simplified. The distance between two electrodes is 2.5cm and the applied voltage is 30 kV.
Resulting E-field amplitude on the surface between the electrodes is around 1.4 kV/mm, which
is within the range we got from previous simulations.

3.3. Real test setup construction

Measuring area |
. Isolating fence

B —

Figure 35 Testing area configuration

With all the work we have done above, it is time to build up the testing place. The testing place
includes two areas, the testing area and measuring area. Between them there is an isolating
fence for protection. The first priority a testing place is to make sure the safety of operators.
Therefore a metal fence is needed to isolate the operator and testing area. This fence is also
acting like a switch, The voltage transformer will be disconnected from the power source if the
fence is open, in case there is people in the testing area. This mechanism greatly reduces the
chance of unintentional energizing. The fence also prevents other people getting into the
ongoing experiments.
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» Testing area description
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Figure 36 The components in the testing area

The testing area contains of a high voltage transformer, the main testing subject and a partial
discharge sensor. The transformer has a ratio of 1/500 and is corona free up to 60 kV, which is
quite well above 30 kV. In order to prevent high frequency noise getting into the PD sensor, we
put a HF noise filter in between the transformer and the voltage divider. The connection cable is
concentric high voltage cable with aluminum core. The measuring capacitor is 1200pF. In order
to replicate the real situation, the main testing components are immersed in the oil aquarium, as
in the figure below. The stress cone is supported by the wood below. This supporting wood is
from a voltage transformer which could give both stable fixation and electrically isolate the cone
from the bottom of the aquarium.

, Insulating tube
rmlnation oil ‘/.. \ .‘

1 |

\—_

Figure 37 The main testing subject in the oil aquarium
The aquarium is poured with the termination oil. This is the same oil being used in the real
termination. The breakdown strength of the oil is 12 kV/mm. The plastic tubes coaxing around
the bottom conducting bar prevent the partial discharge along the oil-air interface, in other
words the surface of the oil.
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Figure 38 The logic of test setup designing
The logic flow for designing the test setup can be found in the figure 38. That's how we build it
up step by step.

» Measuring area

Transformer
M ]
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Grounding Test subject capacitor
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Figure 39 Scheme of testing area and measuring area
On the other side of the fence, there is a monitoring screen. The screen is connected with a
digital video camera which provides real-time image in the testing area.
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Figure 40 The measuring area
The measuring area is for operators to manipulate the voltage applied on the testing subjects
and monitor the PD activities. The voltage regulator is used to set the voltage level. By rotating
the handhold clockwise, the voltage can be increased and vice versa. There is a current relay
inside the voltage current monitor, which aims to trip the switch when there is breakdown in the
test. This protection device is put in between the power source and the voltage regulator. The PD
receiver captures the signal from the testing subject. The connection of PD receiver can be seen

in figure 42.

Ethernet/fiber optics
T ~ Media converter “
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Figure 41 connection between the PD receiver and the computer
The operator can use the software installed on the computer to monitor the PD activity and
analyze the wave form and PD pattern. This part will be elaborated in the next chapter.
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7 MR

I

Figure 42 Partial discharge detection circuit illustration

Insulation degradations are usually evaluated by either partial discharge measurement or
dielectric losses measurement [25]. Partial discharge is regional breakdown on the insulation
which is regarded as an indication of insulation degradation. There are three types of partial
discharges: internal discharge, surface discharge and corona discharge. Internal discharge
happens inside the insulation material. Surface discharge is the discharge along the insulation
surface. Corona discharge is the breakdown in the air due to protrusions or rough surface of the
electrodes. Our goal is to link PD activities with the presence of water contamination. So in the
end, the company can use this as references to detect water contamination in terminations by
measuring PD.

The basic partial discharge detecting circuit can be found above. In which the voltage is provided
by the power source and leveled up by the transformer. Z represents the impedance of the
testing circuit. C,is the testing subject. Ci is the coupling capacitor which completes the circuit
for passing through the discharges. Zn is the measuring impedance and can provide voltage
pulses to the M, which represents measuring and monitoring system [3]. The real elements
mentioned in the illustration can be found in the previous chapter. In our experiment, we use
Techimp PDBasell® for the measuring part. This device cannot only provide online PD
monitoring but also acquire the wave form and analyze the PD pattern afterwards.

Figure 43 Main operation window of the PD detector
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In order to get the best wave shape of the PD, the operator can manipulate the trigger level,
bandwidth and time length. Pulses can be depicted with four different visualizing forms: pulse
waveform, pulse spectrum, PRPD pattern and classification map. Waveform graph displays the
pulse waveform in the time domain. Spectrum graph provides the pulse power spectrum in the
frequency domain. PRPD Pattern graph shows a large amount of acquired pulses relating their
amplitude with their phase. Classification Map shows the acquired pulses classified by
equivalent time length and the equivalent frequency. The formation in the classification map
indicates certain type of PD, so it is regarded as the fingerprint of PD pattern.
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Figure 44 Different visualizations of the PD
All of the visualization methods can be used to identify the PD patterns. The decision making
process can be done by either internal software or by operators themselves.

Our intention is to investigate the phenomena on the oil-rubber interface. In order to make sure
the observed partial discharge activity is actually from the interface, we need to assure the other
parts of the setup is PD free up to certain voltage level. In our test setup, there are four potential
sources that may give PD signals and influence the test results.

The first possibility is from the high voltage transformer [26] [27]. The transformer we use is
noted as PD free up to 62 kV. And we did the PD test with the transformer only, which showed
that it is PD free up to 60 KkV. This suggests that we would get partial discharge from the
transformer if the output voltage is above 60 kV. Later on, when we decide the other PD sources,
the applied voltage should always be lower than 60 kV.

From the top to the bottom, the second potential PD source is from the conducting bars on both
high voltage side and grounding side. The PD inception voltage on the bars can easily be
decreased by putting the toroid cap on the top of the bar. This cap smoothens the E-field on the
top of the bar and therefore increase the corona inception voltage [28].
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Figure 45 Toroid cap on the top of the conducting bar
However, after putting on the toroid cap, the conducting bars are still not PD free due to the
imperfect manufacturing along the surface. The figure below shows the corona on the
conducting bar at 52 kV. The location of the corona is tracked by the noticeable sound it
generates [29]. As we can see from the PRPD pattern we got, it has typical corona discharge
shape, which means the discharge only appear on the one half of the sinusoidal wave. Due to the
corona from the conducting bar, now the testing voltage is further limited to 52 kV.

Table 8 PD sources in the test setup
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Besides the transformer and conducting bars, the oil-air interface is also vulnerable when it
comes to partial discharge [30]. As we can see from the measurement done below, when the
applied voltage was increased to 35 kV, there was distinctive discharge pattern in the test setup.
In order to locate this PD source, we put on two insulating tubes to cut off the discharge path.
We repeated the measurement under the same condition. The result is presented below.
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Figure 46 The partial discharge gone after putting insulating tubes

As it's depicted on the figure 47, the PD activities are greatly reduced by the insulating tubes.
Until now, the test setup is PD free until 52 kV. Another possible PD source is the termination oil.
This oil has a formidable insulating property. Under the testing voltage, it is unlikely to have any
PD in the oil. In order to confirm that the oil is PD free in our setup, we did the experiments
under several different conditions. First we set the distance between the electrodes to 3cm.
Given the dielectric breakdown strength of the oil is 12 kV/mm, this distance can bear a voltage
around 360 kV with homogeneous electric field. The test was done as follow: the applied voltage
started from 0 kV and gradually increased to 50 kV in a fix step of 5 kV for each 5 minutes. No
discharge activity can be found under this circumstance.

After the test mentioned above, the distance between the electrodes was decreased to 1 cm. A
breakdown happened in the oil between the electrodes when the voltage reached 39 kV. The
intensified electric field around sharp edges and corners contributed to the breakdown. The
breakdown in the oil creates burnt pollution which may defect our measurements [31]. In order
to smoothen the electric field near the corner and sharp edges, the copper electrodes were
modified after the test in the oil.

Figure 47 The electrode before and after the modification
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The radius of the corners were enlarged from 1mm to 3mm, and all the edges were polished
further.

Now we are sure that the whole test setup is PD free until 52 kV. If we put the electrodes on the
rubber cone, the only possible PD source would be from the oil-rubber interface.

The dielectric strength of the interface is much more lower than the strength from any of the
composing materials [32]. In our case, the dielectric strength of the oil-rubber interface is
roughly 20% of the termination oil. Given the short distance of the electrodes and the relatively
protruding toe shape, there might be chances to have PD or breakdown on the oil-water
interface even without any water content. Therefore it's necessary to guarantee that the oil-
rubber interface is PD free before introducing any water content.

The tests were done as follow: the distance between the electrodes was set to 2.5cm and 1cm.
For each distance, the applied voltage started from 0 kV and increased in a step of 2.5 kV/2mins
to 50 kV. The reason we decreased the voltage step is to get more precise result and prevent
unintentional breakdown. The PD activities were monitored and the results were recorded and
presented in the table below.

Table 9 PD inception voltage on the oil-rubber interface without water content
Electrodes distance 2.5cm lcm
PD inception voltage No PD up to 50 kV No PD up to 50 kV

As it's mentioned in the table, there was no PD activity on the
oil-rubber interface if no water content involved. This
confirms the great insulating properties of the oil and the

i

usefulness of electrodes re-shaping. It should be noted that the gE'\
oil-rubber interface is PD free only under certain ,%5
circumstances. If there is a large amount of air bubbles near é{:

the testing region, internal PD activities may appear. The air
bubbles could be introduced during the hands-in adjustment 4!
of the electrodes in the oil. Even though it's unpreventable to ) ¢
introduce air into the oil, we should always keep the influence Figure 48 Syringe used for
from air as low as possible [33].
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injecting water droplet

After performed all the tests mentioned before, the test setup is PD free up to 52 kV. Now it’s
time to put in water content into the testing region. The experiments with water contamination
are divided into two groups, the water droplets experiments and the water emulsion
experiments. The water droplets tests are performed according to the size and the number of
the droplets. The water used in the tests is tap water. The relative permittivity under 20 °C is 80
[34] and the conductivity is around 45 S/m [35].

» Experiments with big size water droplets

We first started with the large size of water droplet. The droplet is injected by a 5ml syringe. By
using this relatively big syringe, a water droplet with a size of 0.2ml can be produced. As in the
figure 10, the droplet was injected into the region and landed on the stress cone surface.
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Table 10 The change of the droplet formation with time

Formation of Landing Deformation
the droplet

Formation of Disintegration
the droplet

Formation of Bridging Breakdown
the droplet

Due to the gravity and cylinder shape of the stress cone, the droplet was slightly elliptical at the
beginning. The applied voltage was slowly increased from 0 kV, in a step of 2.5 kV/2minutes.
The shape of the water droplet was continuously changing under the electrical stress. When the
voltage reached 15 kV, the water droplet was elongated towards HV electrode. The tip on the
right fringe of the droplet was about to disintegrate. The critical field strength to cause the
deformation of water droplets is given below [36].

y (15)
2e,0

Ecritical = 0.64 X

In which, y is the surface tension of the droplet, €, is the relative permittivity of the oil and a is
the radius of the droplet [37]. Under this critical field strength, the tips of the droplet will be
unstable. This is a rough formula which indicates the factors influencing the deforming process.
As we can see, the larger the droplet the easier it is going to deform. A more detailed description
of this behavior can be found in the paper [38]. From the figure above we can see the water
droplet was deformed a lot and the tip were attracting to the HV electrode. The tip of the droplet
was almost touching the electrode. After touching the HV electrode, the droplet was charged and
maintained the same electric potential with the HV electrode. The electrical force now attracts
the droplet to the grounding electrode [38]. It should be noted that there was a fine water string
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which connected the droplet with the HV electrode. In other words, the droplet is still at the
same electrical potential with the HV electrode.

The whole droplet was totally stretched like a tube when it was moving to the grounding
electrode. The HV and grounding electrodes were about to be linked by the water droplet. Or we
can say, a breakdown was about to happen. Finally, as we expected, the elongated water droplet
bridges the HV electrode with the grounding electrode and resulted into a breakdown. The
strong discharge of the breakdown released big amount of power and caused regional burning of
the oil. The mixture of the burning gas and water evaporation went up to the surface of the oil.
As in the figure below. The whole process of this experiment can be divided into 4 parts:
attracting to the HV electrode, electrifying, moving back to the grounding electrode, and bridging.
The whole process was not only monitored by the camera but also by the PD receiver. During
our measurements, there was no PD signal before the electrodes were bridged. Only at the
moment before the breakdown happened, there was a noticeable PD signal. Even though the
breakdown was in a very short time, the process is still complex [39].

» Experiments with small size water droplets

By using the big size droplet, the experiment amplifies the
movement of the smaller water droplets and indicates how it looks
when the water droplets are under electric field. But in real
termination operations, it is unlikely to have droplets as big as that.
So we would like to do the experiments with smaller droplets. This
time we used a smaller size syringe, a 1ml one. By using this one,
the droplets with a size of 0.05ml can be made. Before putting the
droplet into the target region, we first rotated the stress cone and
cleaned up the breakdown oil- water mixture by a syringe. The new

droplet now can be put on an unstressed area with clean ambient _ — _
oil. Figure 49 1ml syringe

Table 11 The change of the smaller droplet formation with time

Formation Landing Disintegration
of the
droplet

Formation Disintegration Cotton look
of the
droplet
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The applied voltage started from 0 kV and was increased in a step of 2.5 kV/2minutes. The
shape of the droplet got flatter when the voltage reaches 20 kV. At 22.5 kV, there was noticeable
movement of the water droplet. The right tip of the flat droplet is disintegrating at this voltage
level. With the increasing of the applied voltage, the disintegration continued. It looks like the tip
of the water droplet is extracted out like the silk. During this extracting process, the water
droplet was gradually disintegrated. When the very front part of the droplet was touching the
HV electrode, the tip on the other end was stretching towards the grounding electrode. The
droplet was pulled by two forces in the opposite directions. Due to the smaller size, however, it
was impossible for this droplet to bridge the electrodes. In the end, the whole droplet will be like
silk. The changing forms of the droplet is the result from the applied electrical stress. The water
particles became smaller and smaller and they were moving to the HV electrode. Eventually all
the water particles gathered around the HV electrode, and the water became like a cloud of
cotton.

Figure 50 The water droplet eventually becomes like a thin layer of cotton
Besides observing amazing shape change of the water droplet, the PD activity was also
monitored in the same time. There was no PD activity during the disintegration of the droplet.
When the voltage was increased to 45 kV, the HV electrode was surrounded by the silk form of
water and there was PD signal with amplitude of 9pC. The figure below shows the PD pattern
and classification map of this PD signal. After 2.5minutes, the PD signal was gone when the
voltage reached 47.5 kV. The test was repeated the other day. The PD inception voltage for the
repeated test is 44 kV with an amplitude of 7pC. And the signal only lasted for 2Zminutes.
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Figure 51 PD signal for single water droplet at 45 kV
Notice that the most part of this PD signal is on the negative half of the sinusoidal wave, which is
similar with the corona. But they are totally different if we look at the frequency domain. The
corona on the conducting bar has a frequency of 12MHz while the PD here has a frequency of
21MHz. This partial discharge pattern can be regarded as internal discharge in the oil due to
water contamination. But a complete description for this PD activity requires more data [40].
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From this case we can see that why the classification map is regarded as the fingerprint of the
PD.

From the experiments above, we know the general movement and deformation of water
droplets under electrical stress. The change of the droplet cannot be detected by PD receiver.
Only when a stable cotton form of water was formed can we capture some PD activities. But the
PD signal didn’t keep for a long time.

» Preparation of water-oil emulsion samples

From the previous work [7], we know that, besides the droplet, oil-water emulsion also, and
more often, exists in the operating termination. This emulsion form of water contamination is an
evenly distributed mixture of water and oil [41]. There are several ways to get this water-oil
emulsion. For example, the emulsification can be done by ultrasonic sound bath [42].
Ultrasound-made emulsions are less poly-dispersed and more stable, but the process takes time.
The emulsion can also be made by using climate chamber. After setting up the ambient moisture
level, one can put the unsealed clean oil sample in the chamber. After long time, the wanted
emulsion can be made [7]. Another common way of making emulsions is using emulsifier [43].
This additive is widely adopted by chemical industry, especially in fuel industry [44].

The methods mentioned above are not easy to implement. For qualitative investigation, a rather
simple way of emulsifying can be chose. It is based on the fact given by the former researcher [7].
The procedure is described as follow: inject water droplets into the oil, heat up the oil to around
90°C and wait for more than 8 hours, then cool it down to the room temperature. After it gets to
the room temperature, an evenly mixed water-oil emulsion sample can be created. The water
content level in the emulsion is obviously determined by the amount of droplets that are
injected. The heating time is decided by the initial droplet size. The smaller the droplet size, the
shorter it needs to be heated. The water used here is tap water. Under different operating
environments and installation conditions, the water content levels in the termination can be
different. In order to know the differences brought by water levels, we prepared five water-oil
emulsion samples. The containers we used are plastic cans. The smaller size of cans is 90ml, and
the big one is 220ml.

Figure 52 Prepared water-oil emulsion samples before getting heat up
The relative water contamination level is decided as follow. The formula for calculating the
water concentration P in ppm, parts per million, can be written as [45].

Massyater (1 6)
Mass,;

The density of the oil is 0.893 g/cm3. So for 90ml oil, the mass is 80.4g. The smallest amount of

water can be ejaculated by syringe is 0.01 cm3. So the water concentration is
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_ Massyater _ 0.01g (17)

1™ Mass,; ~ 80.4g

Consider the moisture leakage during the heating process also for easy calculation, the water

concentration in this sample can be taken as 100ppm. The acceptable moisture level in the

termination industry is around 30 ppm. 100 ppm is quite higher than this limit. Since the

minimum amount of water is set, we have to use a larger container in order to get a moisture

level lower than 100 ppm. For the larger container we used, if the injected water is 0.01ml, the

resulting water concentration is 50 ppm. In our test samples, the water concentration of five
cans are 50ppm, 100ppm, 300ppm, 500ppm, and 700ppm.

Figure 53 The oven for heating up the water-oil emulsion cans

From the glass window of the oven, we observed the development of the emulsification. At the
beginning the droplets sank to the bottom since they have a higher density than oil. When they
were in the oven and heated up to 80 degrees, the droplets started to disintegrate into even
smaller droplets. The oil has a lower viscosity when at the higher temperature [46]. The smaller
size of the droplets were moving around due to the thermal fluid at 90°C. After 12 hours, the
water droplets were mixed with the surrounding oil. After cooling down, this mixture became to
a stable colloid. The stability of this mixture depends on the moisture level [47].

D **

Figure 54 The examples of resulted water-oil emulsion
> PD measurement with water-oil emulsion

We started wtih the 50ppm sample. The emulsion was injected into the stress cone surface by a
syringe. In order to get rid of the air bubbles introduced by injection, we have to wait for 2 hours
before the measurements.

Figure 55 The water-oil emulsion layer on the stress cone surface
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The injected emulsion formed a layer on the stress cone surface. The applied voltage started
from 0 kV, and was increased in a step of 2.5 kV/2minutes. The results of the experiments are
presented in the table below.

Table 12 The water-oil emulsion experiments

Water level 50ppm 100ppm 300ppm 500ppm 700ppm
PD activity

PD inception voltage 45 kV 45 kV 42.5kV 40 kV 40 kV
PD extinction voltage 30 kV 30 kv 32.5kV 32.5kV 32.5kV
PD amplitude 6pC 7pC 6pC 7pC 6pC
Frequency of occurrence <1 2 3 5 5

per hour

From the results, the PD inception voltage is slightly decreasing with the increase of the
moisture level in the oil. Higher moisture level provides more water molecules which can cause
PD, so the inception voltage is lower. But the difference in the inception voltage is not as large as
we expected considering the big variance in the moisture levels. The differences in the PD
extinction voltages and the amplitude of the PD are also very small.
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Figure 56 The partial discharge pattern and classification map in water-oil emulsion
experiments

As in the figure above, the recorded partial discharge pattern is a mixture of surface discharge,
internal discharge. In the classification map, recorded PD pattern has a relatively broad
frequency spectrum, roughly from 12MHz to 23MHz. In order to know the composition of this
PD signal, we dissected the resulting classification map in both the frequency domain and the
time length domain. We cannot extract certain type of PD signal, such as internal PD, from the
classification map by dissecting on the equivalent frequency domain. We also tried to distinguish
the PD signals by dissecting on the time length domain. The results show that all types of PD
spread cross the time length map.
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The experiments of water-oil emulsion on the stress cone surface gave us the information about
the PD pattern. But for the company, we would also like to know the possibilities of detecting the
PD signals. In other word, we would like to know the long term effect of the water-oil emulsion.
In order to investigate the long term phenomenon, we did a continuous test for 7 days. The
testing emulsion sample we used is 500ppm. The emulsion was injected on the stress cone
surface by a syringe. After the injection, we waited until all the visible air bubbles coming out of
the targeting region. The voltage was applied from 0 kV and was increased in a step of 2.5
kV/2minutes. When it reached 30 kV, the voltage stayed there for the whole week without
interruption. The change in the region and the movement of the emulsion were captured by the
camera and the PD signals were recorded by the Techimp PD receiver.
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Table 13 The change of the water-oil emulsion formation in 7 days

Day 1 Day 2

Day 3 Day 4

Day 5 Day 6

The water oil emulsion was getting really cloudy after aging. Instead of looking like colloid, it
became more white. The emulsion were coving the whole surface in between the electrodes. It
seems that the cloud was dragged by the HV electrode to the right direction. The toe of the HV
electrode was also covered by the emulsion. The PD signal we got is shown below.



50

4 Partial discharge measurement

Table 14 PD pattern results from PD measurement at different time
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Table 15 PD classification map results from PD measurement at different time

Day 1 Day 2 Day 3
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The frequency spectrum is similar to the one we got in the short term test. This also has a large
frequency range. On the second day of the test, the emulsion on the surface was not as bright as
it was one day before. And the amount of the emulsion was decreased. A clear interface between
the emulsion and the rubber surface appeared. Large amount of the emulsion gathered near the
HV toe. Some of the emulsion even went behind the HV electrode. The PD signal we detected on
the second day has a higher amplitude, 7pC. And the majority of the PD happened at the peak of
the sinusoidal wave. It has a narrow frequency spectrum compared to the day before. On the day
three, half of the water-oil emulsion was moving away from the grounding electrode. There was
only a thin layer of the emulsion in between the electrodes. The emulsion is more like snow than
cloud. The PD amplitude went back to 5pC and had a similar shape of the frequency spectrum.
On the fourth day, there was only a little emulsion left near the grounding electrode. The bottom
of the HV electrode was surrounded by the emulsion. The PD pattern and the frequency
spectrum was similar to the day before. On the fifth day, there was no much emulsion on the
targeting region. Only the front toe of the HV electrode were stayed with the emulsion. The PD
signals were really rare. On the sixth day, even the emulsion on near the HV electrode was gone.
There were some little water droplet on the cone surface and the emulsion were changing in a
weird way. After seven days, there were no visible emulsion in the region anymore.
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5 Tand measurement

Besides PD measurement, tan§ is also measured as an indication of dielectric. For an insulating
material, inherent resistive losses and lossless, or capacitive, counterpart can be represented in
the same complex plane. The angle between the loss component and capacitive component is
called dielectric loss angle 8. The resulting loss due to resistive component can be written as

W =U? wC-tand (18)
In which W is the resistive losses, U is the applied voltage, w is angular frequency. These are the
given experimental parameters. The tand is decided by the dielectric itself. The losses increase
with the increase of the tand .Therefore it can be used to evaluate the insulating performance of
the dielectric. This loss can be illustrated in the equivalent circuits below. In the circuit, resistor
represents the loss source.
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Figure 57 Complex plane of the losses in dielectric; Parallel equivalent circuit
In the former study [7], tand of oil-water emulsion was measured in a delicate test setup. In our
research, we hope to know if it is possible to measure it on the oil-rubber interface. If the
presence of water contamination can be indicated by the change of tan$, then later on this
technique can be developed into a handy tool for the company. Normally the tand value of high
voltage equipment is below 100*10-4 [23].

The device we use in the tand measurement is Megger® IDAX-300 Insulation Diagnostic
Analyzer. The output voltage of the device can be increased to 2 kV by using an external high
voltage amplifier.
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Figure 58 tand measurement device and voltage amplifier
IDAX measures the impedance of sample under certain frequency and amplitude. Later on, the
parameters such as resistance, capacitance and loss can be calculated.
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Figure 59 The IDAX impedance measuring circuit

The impedance is calculated by using Ohm’s law,

U

;U (19)

|

where Z, U, I are complex entities. The voltage is generated by the voltage amplifier which levels
the voltage up to 2 kV. The voltage and the current are measured by the voltmeter and
electrometer. The received analogue signals are then transferred into digital signals for later
calculations. The tand can be derived from

Re{Z} (20)
Im{Z}

This digital way of getting tand is more convenient than the traditional Schering bridge method.
The circuit for measuring the tand is based on the given configuration. Since it is not easy to get
rid of the coupling capacitor in our test setup, we choose to use the configuration below. The
capacitor CR is the our test setup in between the detecting lead.

b

tand = —

®

Figure 60 Measuring circuit for the tan J
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Table 16 tand on the stress cone surface with and without water contamination

Without water contamination

With water contamination
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First we measured the tand of the oil without water contamination, under different voltage
levels. The electrodes distance was 2.5cm, and the applied voltages were 140V, 250V, 500V,
750V, 1000V, 1250V. The measuring frequency ranges from 0.01Hz to 1kHz. From the result we
can see that the tané value does not change much with the applied voltages. But the tand value is
very high considering the quality of the oil. After that, we injected water emulsion with 700ppm.
We set it with the same measuring voltages and frequencies. The resulting values show the same
trends and values compared with previous experiment. Since the measured tan$ is relatively
high, this similarity cannot be caused by the detection limit of the IDAX. Considering the complex
configuration of our test setup, we believe the fixation metal was not properly isolated from the
ground. So the leakage current was added by the current went through the fixation metal to
grounding lead. In order to isolate the test subject from the fixation metal, we put a Teflon ring

between the conducting bar and the fixation metal.

Figure 61 Teflon ring for isolating the conducting bar and grounding lead
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Figure 62 tand on stress cone with water contamination after putting Teflon ring; three
terminal circuit

After putting the Teflon ring, we measured the tand with water contamination again. The
measurement was done at 200V, under variant frequency. The measured tand is shown above. It
is beyond question that the value of the tand cannot be negative, since it indicates the losses in
the insulating material. However the three terminal circuit in the measuring system, such as in
the standard capacitor, may results in a negative result especially when the loss in the setup is
very low [48]. Considering the large size of the detecting area, and complexity of our
configuration there is also a big chance to have noise intrusion in the measuring process. The
formidable insulating property of the oil results a relatively small leakage current. So the desired
signal might be overlapped by the noise in the setup.

In order to amplify the influence brought by the water contamination and measure the leakage
current precisely, we need to scale down our test setup.

oil

Detecting cable @

4—Metallic case

Figure 63 Dedicated tandé measuring device and detecting circuit

The measuring device we used is invented by TU Delft. This kettle-like equipment is dedicated to
precisely measure the tan® value of the liquid. As we can see from the figure above, the liquid
needs to be measured is injected in the space between the detecting cable and metallic case. The
detecting cable is connected with the voltage source and the metallic case is connected with the
leakage current meter. We measured the tand of both the clean oil and water-oil emulsion at
700ppm. The measurements were done at 200V, under variant frequency. The results are
presented below: the top curve is the tand of the emulsion and the bottom one is for clean oil.

The tand of both samples decreases with the increasing of the frequency. But tané of water-oil
emulsion is much more higher than the tand of clean oil. This indicates that, under a well-defined
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testing environment, tand can be used to detect the presence of water contamination. But due to
the complexity of a real onsite termination, this measuring technique can hardly be adopted.
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Figure 64 tand of pure oil(line below) and water-oil emulsion(line above)
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6 Conclusions & Recommendations

Based on the simulation results and experiments observations, we can make conclusions as
follow:

> Electric field distributions on the stress cone surface with water
contamination

Water content tends to move along the opposite direction of the electric field. Electric field
direction on the stress cone surface has two compositing components. One is from inner cable to
the cone outside, and the other one is from top to bottom. The first direction component attracts
water to the stress cone surface. The electric field along the interface apply force on the water
content and deforms water into smaller particles. On the other hand, water contamination also
affects electric field distribution. Main parameters that affect the electric field includes the
positions of the water droplets, size of the droplets, relative permittivity of water contamination
and the number or covering area of the water contamination.

» Water content detecting by PD measurement

Based on our measurement results, PD activities due to water contamination on the stress cone
surface is a mixture signals of surface discharges and internal discharges. The PD pattern and
classification map are recognized. These information can be used as an indication for onsite
moisture detection. However, based on our observation, the occurrence of the PD signals is not
constant. This implies that in order to get the PD signal, terminations have to be monitored in at
least certain amount of time. The recommendation for the measurement period is 2 hours.

» Water content detecting by tan § measurement

In our delicate test setup, the tand of the termination oil can be increased by several orders due
to the presence of water contamination. However, in our small scale test setup, the change of the
tané value cannot be detected when there is water-oil emulsion on the oil-rubber interface.
Considering the bulky size and complex content in a real termination, water contamination
detecting by tan § measurement is even more unpromising.

Taking into account the potential academic contributions and the needs from the company, we
also have three pieces of recommendations for future work.

» Test setup design on long term experiment

As we can see from the 7 days experiment on our test setup, the water-oil emulsion kept moving
away from the electrodes. This should be taken into account when designing test setup to
investigate the aging phenomenon on the stress cone surface due to water contamination.
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» Investigations on triple points in the oil termination

The importance of the interface is already strongly addressed in this thesis work. Besides the
interface, triple points in a real termination is also highly worth of investigating since the
degradation often starts from there. Due to a limited amount of time given for our thesis work,
the research on triple points cannot be deployed. The 3D model used in the simulations can also
be used with an intention on triple points such as the transition at the end of the stress cone or
the junction formed by oil, water and rubber.

> PD sensor design and installations

Even though the PD pattern and its frequency range are already recognized, practical solutions
for the design and installation of PD sensors for oil terminations still need to be discussed. This
requires to think about the reliability of the sensor, the convenience the installation and the
cost-effectiveness for manufacturing.

» Development of non-electrical detections

Besides PD and tand measurements, non-electrical detecting methods should also be discussed
in future works. As mentioned in this report, water contamination may cause regional
temperature increasing in oil terminations, thus an infrared thermal meter could be used for
detecting. A moisture sensor based on fluid motions can also be tested for the type of oil in the
termination. In the end, it might be necessary to implement a combination of different sensors to
get convincing detecting results.
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