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ABSTRACT

Electrical discharge has many fractal characteristics such as its sound and light
besides from its electrical properties. In this study, partial discharge recognition is
carried out by its visual light characteristics. Partial Discharge (PD) is an electrical
discharge that is seen only at a part of the insulator between two conducting
electrodes without completely bridging the gap. Partial discharge can occur in voids
or liquid suspension in solid insulation, along the interfaces of multi-layer solid
insulation systems, in gas bubbles in liquid insulation or around an electrode in a gas.
Partial discharge causes deterioration and may lead to a complete breakdown of the
system in time. Since partial discharge might be very destructive to power systems, it

is very important to understand the mechanism of partial discharge.

In this study, a technique for visual recognition of partial discharges by video
processing is introduced. Required data for the study is obtained experimentally,
because PDs are highly complex and it is difficult to study analytically. A measuring
system; a regular camera to capture images along with the high voltage measurement
apparatus, is installed for experimental study. High AC voltage is applied to two
different electrode configurations. PD is intentionally generated by using rod-plane
electrode system and recorded by the camera. Acquired data is then used for
recognition of PD by using video processing techniques. The correlation between
visual images of PD and applied voltage during a discharge is investigated. The
effect of electrode separation on PD images is also examined. Different electrode
systems are designed by using two different profiles for the rod electrode. These

configurations are tested and, PD images are captured by regular camera and stored



in order to carry out some analysis by video processing to get more information on
PD phenomena. As a result of video processing, informative data about PDs such as

propagation and light intensity of PD can be achieved.

The possibility of detection, classification, diagnostics and monitoring by video
processing for PD studies is investigated in this thesis. Therefore, by understanding
the discharge mechanism, identification, quantification and risk assessment of

insulation defects in power system will be feasible.

Keywords: Partial discharge, corona, visual recognition, video processing.



Oz

Elektriksel bosalmalar elektriksel ozelliklerinin yanisira, ses ve 1sik gibi pek cok
ayrimsal 6zellige de sahiptir. Bu calismada, elektriksel bosalmanin taninmasinda
gorsel 151k karakteristikleri kullanilmistir. Kismi Bosalma (KB), iki iletken elektrot
arasindaki yalitkanin yalnizca bir bdliimiinde gerceklesen, biitiin  aciklig
koprulemeyen, elektriksel bir bosalmadir. Kismi bosalmalar, kati1 yalitkan igindeki
bosluklarda veya sivi asiltilarda; c¢ok katmanli katt yalinkanlarda, yalitkan
araylizeylerinde, sivi yalitkanda bulunan gaz kabarciklarinda veya gaz iginde
bulunan elektrot etrafinda olusabilir. Kismi bosalmalar sistemde bozulmaya ve
zamanla delinmeye yol agabilir. Kismi bosalmalar gii¢ sistemleri i¢in ¢ok zarar verici

oldugu i¢in, kismi bosalma mekanizmasini anlamak ¢ok dnemlidir.

Bu ¢alismada kismi bosalmalarin video isleme ile gorsel taninmasi i¢in bir teknik
tamtilmistir.  Gerekli veriler deneysel olarak elde edilmistir ¢ilinkii KBlar ¢ok
karmagiktir ve analitik olarak incelenmeleri ¢ok zordur. Deneysel caligsmalar
sirasinda bosalma goriintiilerini kaydetmek i¢in siradan bir kamera ve ylksek gerilim
O0lcme araclarikullanilmigtir. Yiiksek AC gerilimler, iki farkli elektrot sistemine
uygulanmistir. KB Uretmek icin ¢ubuk ve diizlem elektrotlar kullanilarak farkli
elektrot diizenleri olusturulmus ve KB goriintiileri kamera ile kaydedilmistir. Elde
edilen veriler daha sonra KBlarin video isleme ile taninmasi i¢in kullanilmustir.
Gortintiiler ve bosalma sirasindaki uygulanan gerilim arasindaki iligki aragtirilmistir.
Farkli elektrot diizenleri olusturabilmek ig¢in, iki farkli ¢ubuk elektrot bigimi
tasarlanmistir. Elektrot agikligmmin KB gorintiilerindeki etkisi de bu galismada

incelenmistir. Bu diizenlerde deneyler yapilmis ve KB goriintiileri bir kamera



yardimiyla kaydedilmistir. KB olaylar1 ile ilgili daha fazla bilgi sahibi olmak i¢in
video isleme teknigiyle bazi analizler yapilmistir. Video isleme sonucunda KB ile
ilgili bilgi verici, bosalma siddeti, 15181n yayilmasi ve 1s1k siddeti gibi parametreler

elde edilebilir.

Bu ¢alismada, video isleme yontemi ile KB varligi belirleme, KB smiflama, KB
tanis1 ve sistem izleme olasiliklar1 incelenmistir. Boylece, bosalma mekanizmasinin
anlasilmasiyla, giic sistemlerinde yalitkan kusurlarinin tanimasi, nicelemesi ve risk

degerlendirmesi gergeklestirilebilir.

Anahtar Kelimeler: Kismi bosalma, korona, gorsel tanima, video isleme.
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Chapter 1

INTRODUCTION

1.1 Motivation and Thesis Objective

In modern world, electricity is the most significant source for many facilities.
However, the quality of power from the grid should be stable to sustain those
facilities, especially some factories and buildings need constant power and the cost of
power outages might be catastrophic for them. In this sense, monitoring and
protection of power system are extremely vital in power system development. When
the high voltage technology was developed to generate and transmit the power at the
beginning of the last century, partial discharges (PD) are an insidious parameter for
insulation failure in high voltage (HV) equipment. These issues emphasize the

importance of studying the behavior of electrical discharges within insulators.

PD is a discharge activity that does not bridge the electrodes of an insulation system
under high voltage. PD normally occurs across defect sites, such as cavities, voids,
joints, cracks, and delimitations. PD is initiated when the local electrical field
intensity exceeds the electric strength of the dielectric involved, resulting in localized
ionization and breakdown. Although PD does not cause immediate breakdown, it can
affect the insulation performance in long term and might cause energy loss and
gradually degrade the insulation system [1]. Also, under certain conditions, PD might
lead insulation system to breakdown completely due to repetition of partial discharge

[2]. Depending on the intensity, partial discharges are often accompanied by



emission of heat, very distinctive sound and light, and radio influence voltage with

wide frequency range. The term of PD includes different type of discharges such as:

e Corona discharge in gases.
e Treeing channel.
e Surface discharge at interfaces.

e Internal discharge in voids or cavities within the dielectric.

As mentioned above, since PD has emission of light, feasible pattern recognition can
be assessed experimentally. Visual detection of a PD and then identification,
classification, possibly localization of discharges can be achieved by using image
processing and video processing which allow considerable improvement in
diagnostics of solid insulation systems. A lot of methods have been reported on
detecting and measuring PD activity within insulation system in the past and present

and a review of these methods is detailed in Chapter 2.

In this study, visual detection of PD activity has been performed with regular camera
for different electrode configurations. Different electrode configurations are installed
to create discharges intentionally. Under AC and DC high voltages, by changing the
voltage level, the distance between camera and test object and the electrode gap,
various discharge videos have been recorded and a dataset has been obtained. All
videos have been processed using video processing techniques to assess PDs
characteristic and classification of different discharge types. Using discharge videos
or images, it is possible to identify the effects of different factors on PDs

characteristics. The main objectives of this thesis are as below:



e To increase the understanding of PD phenomena.

e To identify critical parameters of PD through visual detection such as
magnitude, intensity and propagation.

e To classify partial discharges.

e To compare the effect of electrode gap on visual characteristic of PDs.

e To assess the effect of distance between camera and test object on PD light.
1.2 Organization of Thesis

A brief review of the partial discharge term, how to model it and necessity of
detecting PDs, is presented in Chapter 2. Also in this chapter, the effect of PD in
insulating system is investigated and at the end all methods of measuring and
detecting partial discharges are criticized with their advantages and disadvantages.
Theoretical background is explained in Chapter 3. In Chapter 4, the structure of the
video processing and the algorithm of this study are introduced. Chapter 5 consists of
the computational results based on three corona light parameters by video processing
and their comparison for two different electrode systems. Finally, the thesis will

finish with conclusion and future study in Chapter 6.



Chapter 2

LITERATURE REVIEW

2.1 Partial Discharge

IEC standard 60270 defines partial discharge as follows: “Partial discharge is a
localized electrical discharge that only partially bridges the insulation between
conductors and which may or may not occur adjacent to a conductor.” [3]. Partial
discharges are caused by the electric field intensity. When it exceeds a critical value
of dielectric strength, a discharge might be observed. Partial discharges appear in
very short time duration (in the range of nano second) as voltage or current impulse
forms [3]. In general, partial discharge activity can be noticed in high voltage
equipment such as cable, transformer, bushing, switchgear and etc.

2.1.1 PD Classification

Generally, two main groups are represented for partial discharge phenomena which
are internal partial discharge and external partial discharge. Internal partial discharge
occurs inside of insulation system such as cavity discharge and treeing channel.
External partial discharge happens outside of equipment such as corona and surface
partial discharge. Different types of PD can be seen in Fig. 2.1.

2.1.1.1 Internal Discharge

In solid or liquid insulation systems, PDs usually start within gas-filled voids due to
lower dielectric constant of the void compared to surrounding dielectric in the
presence of electric stress [3-4]. For better understanding of above-mentioned event,

the modelling of PD is essential. A lot of research has been noticed on modelling of



partial discharge in voids within dielectric insulation system but the most famous PD
model is called ‘abc’ model that introduced three capacitance models [4-8].

2.1.1.2 Treeing Channel Discharge

Electrical treeing is a continuous partial discharge that propagates through the solid
insulation due to sharp edges and degenerate material. The formation of this erosion
channels are similar to tree. This type of PD is very likely to destroy the insulating
material [9-10].

2.1.1.3 Corona Discharge

Molecules are ionized in the air when the conductor electric filed exceeds ionization
level that is called corona. Corona discharge produces sound, a distinctive smell due
to ozone generation and blue-purple light. Corona can be visible at night. This
phenomenon takes place where the conductor has a small curvature radius such as
sharp edges corners, joints, rough conductor’s surface broken string and etc. The
charge density is increased when the curvature radius is decreased, so at this area the
electric field becomes considerably higher than the rest of the system therefore it can
produce corona discharge [11-13]. Corona can occur in any steps of design,
manufacturing, installation and maintenance of a device if there is a problem there.
Corona does not attack directly to insulation system but it has indirect effect with
0zone generation by corona and it can deteriorate insulating material in time which is
called aging [14].

2.1.1.4 Surface Discharge

Surface discharges occur on dielectric material interface of solid insulators surface.
Surface discharge can be seen on cables (mainly overhead line strings), bushing and
between insulators surface such as high voltage terminals and ground. The

conductive layer can be formed on insulator surface due to increasing hydrophobicity



loss in the presence of pollution under long term humidity. The rate of surface

discharge can grow to generate a flashover (full line-to-ground discharge) [15].

@ &

(b) (d) l

Figure 2.1. Different types of PDs: (a) Corona, (b) Treeing, (c) Surface discharge and
(d) Internal discharge [16]

2.1.2 PD Effect on Insulation System and Necessity of PD Detection

Generally Partial Discharge activity generates different energy losses such as heat,
light and sound depending on PD type. However, heat dissipation is the most
important energy loss that causes degradation in insulation system due to chemical
changes in insulation material. The effect of heat is well-known as thermal effect on
insulation system so monitoring of PD phenomenon is essential time to time in

manufacturing or regular check. In fact, in long operation period of HV equipment,



PD detection and measurement are always considered as critical points to secure all
high voltage equipment [16].
2.2 Detection Methods of PD

Partial discharge can be detected by on electrical and non-electrical methods. The
most famous PD detection methods can be divided in four groups: electrical
detection method, chemical detection method, acoustic detection method, optical
detection method. Depending on the characteristic of power equipment, and
insulation system the method can differ.

2.2.1 Electrical Detection

The occurrence of partial discharge creates the electrical signal in type of impulse
current and voltage due to short current steamer in the void within nanoseconds [17].
The pulse has some information such as its shape, its phase, location and intensity
that all lead to distinguish PD and level of insulation damage. Electrical detection
has two different types in order to detect signal. First method is apparent charge
measurement and second one is to discover electromagnetic radiation with frequency
antenna or probe [18]. This type of detection has limitation due to its tendency to
noise. HV environment contains both broad band and narrow band electrical noises
and however it is not easy to separate PDs from noises, this type of detection is still
widely used in power plants as a popular method in online PD detection.

2.2.2 Chemical Detection

PD can create a chemical effect on insulation system due to current steamer across
cavity. In fact this current can break down the material of insulator into various
chemical components. Therefore PD can be detected chemically as well. Chemical
detection method is very common on the oil insulated transforms. Power companies

mostly use two primary chemical tests which are high performance liquid



chromatography (HPLC) and dissolved gas analysis (DGA) [19-23]. In DGA
method, when PD takes place in oil-insulated device, some chemical reactions
release for instance carbon oxide, methane or hydrogen. This test identifies levels of
those gases in oil which are produced by the mineral oil breakdown in the
transformer. Also the type of partial discharge can be distinguished with the different
levels of dissolved gases but the location of PD cannot be determined [24]. HPLC
method measures the byproducts of the insulation on transformer wall [20].
Chemical detection has two drawbacks, first, this method does not give any
information about location of PD and its characteristic, second chemical testing
cannot be done online and mostly the transformer must be taken out of operation to
get oil sample which is very costly. Hence these difficulties limit the usage of this
method in industry.

2.2.3 Acoustic Detection

Acoustic detection records the acoustic signals generated by the mechanical wave
around corona location due to small explosion air. This method has many advantages
over electrical methods due to its immunity to electromagnetic interference (EMI)
[24] Acoustic emission method heavily depends on the background noise; on the
other hand, signals do not have enough intensity to identify. Therefore, to detect
corona and its differences one should use a sensor that can detect small changes in
signal amplitude. Moreover, it is not very effective to determine the exact location of
corona in non-homogenous environment [16]. Acoustic detection is generally used in
high voltage transformers and gas insulated substations (GIS).

2.2.4 Optical Detection

Optical detection as it name suggest depends on the light of the discharge. When

discharge occurs, during ionization, discharge light is dissipated. Corona activities



emit radiation in visible, ultraviolet and infrared optical signals. Therefore one may
use different types of cameras to detect different optical signals. The light emission is
dependent on some parameters such as insulating material, temperature, humidity and
pressure. The detection of UV light during daylight is possible due to solar-blind UV
range [25] but visible light of corona is detectable more effectively during night
because of its blue-purple color. Visible light can be captured by regular camera
which is much more economical than UV cameras and infrared cameras and it is
possible to use video processing for online detection. According to all above-
mentioned reasons visual detection can be considered as the most effective method in

online detection of corona discharges.

The visual detection results are reliable and have some information about location
and intensity of corona light and propagation of the discharge. Magnitude of corona
however cannot be measured by optical methods. Since the apparent charge or
current measurements are not possible, visual detection cannot be used for insulator
maintenance or replacement decisions [26]. However, in a controlled environment
with necessary measurements, the correlation between discharge magnitude and
visible light of corona can be determined and visible light characteristics can then be

used as a diagnostic tool.

The visual detection results are reliable and have some information about location,
intensity of corona light and propagation of the discharge but still there are no
information on the magnitude of corona discharge. It is difficult to make decision on
insulator maintenance or replacement by visual detection since the magnitude of the
discharge is not available [26]. However, in a controlled environment with necessary
measurements, the correlation between discharge magnitude and visible light of

9



corona can be determined and visible light characteristics can then be used as a

diagnostic tool.

This study proposes a method using video processing to perform corona detection and
identification. In this study, a regular camera is used to capture the visual light of
corona. The identification has been carried out in the manner of visible light
characteristics such as propagation, intensity and area growth of light. Using blue-
purple color of the discharge, the discharge zone is defined and characteristic
parameters are determined. The effect of applied voltage, electrode gap and electrode
type is investigated in this study. It has been noted that, there is a considerable change

in corona light under different conditions.

10



Chapter 3

THEORETICAL BACKGROUND

3.1 Electric Field & Gauss' law

To calculate the force exerted by some electric charges, g1, g2, g3 ... as the source
charges on the test charge Q, the principle of superposition can be applied. The total
force exerted is equal to the vector sum of all forces exerted by g1, g2, and g3 on Q.
The force exerted by a charged particle on another charged particle depends on their

separation distance, velocities and accelerations [27].

The electric field at a particular point is a vector whose magnitude is proportional to

the total force acting on a test charge located at that point, and its direction is equal to

the direction of the force acting on a positive test charge. The electric field E,

generated by a collection of source charges, is defined as:
E="/o (3.0)

where F is the total electric force exerted by the source charges on the test charge Q.

The total force exerted by the source charges on the test charge is equal to:

2 - — 1 (9.0 q.Q0 q30Q )
F=F +F, +F, 4+ =
1+l i 4ne0(r21+r22+r23+
n 3.2
_ Q qi 2 (3:2)
Ameg Lar?; !
=1
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Therefore electric field with respect to the source charges is equal to:

n
— T 1 qi
E=F/ _ z_ 3 .
/Q 4‘7'[80 = T'Zl' i (33)

L=

The electric field can be graphically represented using field lines. The direction of the
field lines indicates the direction in which a positive test charge moves when placed in
this field. The density of field lines per unit area is proportional to the strength of the
electric field. The flux of electric field lines through any surface is proportional to the
number of field lines passing through that surface. The electric flux through any
surface that encloses the charge q is equal g/e,. Using the principle of superposition

for more than one point charge, flux of electric field is given as:
- _ - — _ 1
@E = ésurfaceE .da = Zi gssurface Ei.da —;Z q; (34)

Hence, for an arbitrary surface and arbitrary charge distribution:

jé E . da = M (3.5)
surface €0

where Q.nc0seq 1S the total charge enclosed by the surface which is called Gauss'

law. Using the divergence theorem the electric flux @5 can be rewritten as:

F.da=¢

4

Sﬁsurface olume (V ) E) dr (3-6)

The enclosed charge Q.nci0seq €aN be written in terms of the charge density p:

Qenclosed = Sﬁvolume p.dt (3.7)

Then Gauss’ law can change as:

- = 1
gﬁvolume(v . E) de==¢ _ p.dr (3.8)

€0

Since there is not any assumption about the integration volume, integrands are equal:
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- — p
V.E=—
£ (3.9

This equation is called Gauss's law in differential form [27].

The scalar function whose gradient is the electric field is called the electric potential

V and it is defined as:

E=-VV (3.10)
This equation can be written as:
—_ p
V2V =—— (3.11)
€0

That is known as Poisson's equation. The electric potential generated by a discrete

charge distribution can be obtained using the principle of superposition:
Viotar = 2i=1Vi (3.12)
where V; is the electric potential generated by the point charge g;:

L (G4 1 &
Ame, ), 12 Amey

The total electric potential generated by the whole set of point charges is equal to

[27]:

n
1 q;
Veotal = = g Z 7l (3.14)
i=

3.2 Electric Field and Geometric Shape

Electric field between two conductors changes depending on the geometric shape of
the conductor. Electric field lines and equipotential lines are always perpendicular, i.e.
there is always 90° between them. Electrode surface is also an equipotential line,
therefore electric field lines heavily depend on the geometry of the electrode. If the

conductor has a homogenous surface, the field distribution is uniform e.g if it is
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spherical; the electric field vectors should cross the center of the sphere since they are
perpendicular to the spherical surface. If the conductor has non-homogenous
geometry, the electric field vector at any point is perpendicular to the tangent line at
that point. As a result, the electric field has the strongest intensity at points along the
surface where the object has the smallest curvature radius. Sharp points, corners,
edges create strong electric fields [28] because of their small curvature radius
compared to the rest of the electrode. The differences in the field intensity for sharp

tip and round tip electrodes can be seen in the Fig 3.1.

i

NVZ

Sharp curvature surface Round curvature surface

Figure 3.1. Electric field upon the surface

3.3 Non-uniform Field for Gas

Generally, a discharge initiates when the electrical stress exceeds certain level called
breakdown strength. Any kind of gas can withstand stress up to a critical value.
Since, for uniform field gap the stress is the same everywhere, discharge is expected
to occur in a form of complete breakdown. However, in non-uniform field gaps, the

discharge takes place only in the areas where the stress is higher than the rest of the
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insulation which is called partial discharge. Corona is a partial discharge that occurs
in air or other gases [29].
3.3.1 Corona Types

e Positive corona: The discharge is formed on the positively charged conductor
(e.g., during the positive half-wave voltage). It is generally found in areas
with sharp edges, corners. The visual appearance of this corona type is small
region of a glow around a certain location. This is a relatively weak source of
corona discharge, and it creates a slight sound [29].

e Negative corona: This type of corona occurs on the negatively charged,
conductor for example, during the negative half-wave voltage. It looks like a
flame with constantly changing shape, direction and size. This corona is very
sensitive to changes in the environmental parameters. Its appearance gives
rise to an acoustic tone around the double-frequency (e.g. 100 Hz) of the
electric field [29].

3.3.2 Corona Onset Voltage & Field

Corona onset field is the critical stress value at the conductor surface when the
corona is initiated and corona onset voltage is the minimum discharge voltage
corresponding to the corona inception. Onset electric field E,. and the corona onset
voltage V, are calculated for different configuration [29].

3.3.2.1 Single Conductor above Ground (wire-plane)

The critical field E. which causes stable corona on the conductor is given as:

0.301
E. =30myd + (1 + ﬁ) kVpeak/cm (3.15)

where r is a radius of the conductor 6 is a relative air density and mg is a surface
irregularity factor (mg; = 1 for smooth conductor and mg < 1 for rough conductor).

The corona onset voltage for this case is calculated as:
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2H
V. =E.r.In (T) kv (3.16)

where, H is the height of the conductor above ground [29].
3.3.2.2 Coaxial Cylinder

The critical field E,. for coaxial cylinder is given as:

8
E. =31myd + (1 + ) KVpeak/cm (3.17)

IR

where r; is the inner radius. The corona onset voltage for this case is calculated as:

)
V. =E.n.1n (—) kV (3.18)

4]

where r;, is the outer radius. In both cases 9 is relative air density is given as:

s (3

where T,is the absolute room temperature and P,is the normal atmospheric pressure,
T is the actual temperature and P is the pressure of the air [29].

3.3.2.3 Rod-Plane Electrode System

Utilization factor, n of an electrode arrangement having non-uniform field is given
as:

n = Emeany (3.20)

max

where E,..qn, 1S the average field strength of the arrangement over the electrode gap
and E,, IS the highest field strength occurring in the field region. Utilization factor
changes 1 > n > 0. At uniform field, n is equal to 1, at non-uniform field is smaller

than 1 [30].
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Using utilization factor n of electrode configuration, corona onset voltage, V. or
corona onset field strength E. can be calculated. For example, corona onset voltage

in a SF6 insulated system in a non-uniform field can be expressed as below [30]:
V. =0.87751n.S.C.P.a kV (3.21)

where 1) is an utilization factor; S is the electrode surface roughness factor (s < 1), C
is the curvature factor (depends upon the shape and size of electrodes), P is gas

pressure in kPa and a electrode spacing in cm.

The corona onset field strength can be calculated from experimental V. values by

[30]:

V
Ec = "“/n.a (3.22)

where a the electrode spacing and n is the utilization factor.

3.3.2.4 Numerical Solution of Rod-Plane Electrode System

The Finite Element Method (FEM) is a powerful numerical method for solving
physical problems. In the finite element method, the model is divided into separate
finite elements, connected to each other in nodes. The connected finite elements
create a mesh of the studied model. The problem then can be solved for one element
at a time. After that, solution is recombined to have a complete solution. In the
corona discharge problem, a fine mesh is used close to the emitting electrode,

because a large gradient of the electric field is required [31].

17



Figure 3.2. The electrode systems with their meshes (a): Sharp tip electrode (b):
Round tip electrode.

The rod-plane electrodes used in the experiments are analyzed numerically by Finite
Element Method. Two electrodes, with the same length of 5 cm and 1 cm thickness,
having a different curvature radius at the tip are shown in the Fig. 3.2 with their

meshes.

For simulation, the mesh is chosen to be extremely fine. The equations are based on
Gauss' law and Poisson's equations. Electric field intensity and energy density are
observed at specific point on the top of two curvature tip models to study the effect
of sharpness on corona phenomenon. The electric field distribution and energy
density distribution for two electrode configurations are shown in Figs 3.3 to 3.6

respectively.
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Figure 3.3. Electric field distribution for round-tip electrode
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Figure 3.4. Energy density distribution for round-tip electrode
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Surface: Electric field norm (\v/m)
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Figure 3.5. Electric field distribution for sharp-tip electrode
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Figure 3.6. Energy density distribution for sharp-tip electrode
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Table 3.1. Electric field norm (V/m) with respect to applied voltage for round -tip
electrode and Sharp-tip electrode of 5¢cm electrode gap

Electrode curvature
Applied voltage Round-tip electrode Sharp-tip electrode
(kV) (V/m) (V/m)
45 2.90750 e® 3.40706 e
50 3.58558 e° 3.78562 e°
55 3.94413 e® 4.16418 e
60 4.30269 e 454274 €
65 4.66125 e 4.92130 e
70 5.01981 e® 5.29986 e°
75 5.37836 e° 5.67843 e®
80 5.73692 e® 6.05699 e®
85 6.09548 e® 6.43555 e®
90 6.45404 e® 6.81411 e®

Table 3.2. Electric energy density (J/m3) with respect to applied voltage for round -
tip electrode and Sharp-tip electrode of 5cm electrode gap

Electrode curvature
Applied voltage Round-tip electrode Sharp-tip electrode
(kV) (I/m?3) (I/m?3)
45 37.42625 51.39166
50 56.91630 63.44650
55 68.86873 76.77026
60 81.95948 91.36295
65 96.18855 107.22458
70 111.55596 124.35513
75 128.06168 142.75462
80 145.70574 162.42303
85 164.48812 183.36037
90 184.40883 205.56665
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The result of the simulation is geometry-sensitive: the calculated electric field
intensity and electric energy density values are bigger for sharp-tip electrode under
same level of voltage. Moreover both parameters increase with increasing the applied

voltage.
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Chapter 4

VIDEO PROCESSING AND METHODOLOGY

4.1 Video Processing

The videos of electrical discharges are recorded by camera and then converted into
frames using a built-in MATLAB function in this study. For cost-effective results,
1920x1080 resolution is used. Image matrix contains enough information and matrix

dimension is small enough to avoid big computational time with this resolution.

A video is a sequence of images called frames in which each frame is a monochrome
or full-color image. An image can be defined depending on resolution. Every single
element in an image is called pixel. Pixels are arranged in rows and columns.
Therefore, the total number of pixels in the image presents a matrix, letting an image
to be represented by a two-dimensional matrix (MxN) [32]. The horizontal rows of
pixels are called lines and the vertical columns are called samples. The color image
of corona is recorded for 20 seconds for different voltage levels. At first corona light
should be identified then some characteristics of corona light can extracted from the
videos in order to have some information on different discharges such as area
growth, light propagation and light intensity of discharges.

4.1.1 Color Codes

Each pixel contains some information about the discharge such as color code, light
emission and location of that pixel. To identify corona light, first of all color image
processing should be applied. Color is a crucial parameter of an image and there are

lots of color models, that the followings are used in this study:
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e RGB color model: In color image processing, images can be represented by
additive color model, which is called RGB (Red-Green-Blue) color model. In
RGB color model, a broad array of colors can be reproduced adding red,
green and blue colors in various ways. In this way, each pixel can be defined
as red, green and blue components of an RGB image. Those red, blue and
green components are also called as channel [32].

e YCDCr color model: Another color model that is experimented in this study
is YCbCr model which Y represents the luminance or brightness information
of light and color information is stored as two color difference components,
Cb and Cr. Cb denotes the difference between blue color and a reference; Cr
denotes the difference between red color and a reference [32]. For light
intensity studies, YCbCr model is applied.

4.1.2 Preprocessing Data

The video recordings contain unnecessary images which are not related to corona.
Therefore, before characterizing the discharge, location of the discharge is defined.
First background of the test area is cleaned from the entire image and then pixels
which do not belong to the discharge are dismissed from the matrix. This way, the
accuracy of the identification process becomes more accurate.

4.1.2.1 Background Subtraction

Identifying moving objects from a video sequence is a fundamental and critical task
in many computer-vision applications. A common approach is to perform
background subtraction, which identifies moving objects from the portion of a video
frame that differs significantly from a background model. In this study, the
background of test area is recorded separately and one frame of background is

subtracted from the entire image frame by frame. In this way, images contain corona
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light and background noise but not the background itself. The procedure of

background subtraction can be seen in Fig. 4.1 as below:

Discharge & background

Background Discharge

Figure 4.1. Background subtraction

All frames are cropped at the location of interest, which is close to region of
discharge. After clearing the background, to identify visible corona discharge and
remove background light, a threshold is applied.

4.1.2.2 Single Thresholding

In the original image, a gray level T is chosen. Then the grayscale image is converted
to a binary image. After that, every pixel is turned either black or white by
comparing its value to T.

A pixel becomes white if its gray level is>T

A pixel becomes black if its gray level is<=T

Global thresholding is determined by choosing threshold T that separates object from
background. With global thresholding, all pixels of three colors which belong to
discharge area can be detected. Blue channel, red channel and green channel of the
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images have been investigated. It has been noted that, red and blue color are
dominant in a corona discharge. As it is mentioned before, corona discharge has a
blue-purple color. Therefore, green color is neglected during thresholding because
the effect of green color in a corona discharge is small. The main purpose here is to
capture all visible pixels that belong to the discharge area. If the weight of
summation red and blue colors in a pixel is greater than a critical value, it is noted
that this pixel belongs to corona discharge. By trial-error, histogram and CDF graphs
of red and blue channel, the optimum threshold level for corona is determined to be
30 as seen in the Figs. 4.2-5. Histogram graph acts as a graphical representation of
the tonal distribution. In fact it shows the number of pixels belong to each tonal value
which are variable from 0 to 255. The cumulative distribution function (cdf) for the
quantity gives the probability of having a critical value [32]. The x axis in empirical
CDF graph shows the tonal of pixel from 0 to 255 and F(x) axis shows the
probability of pixels. The histogram graph and empirical CDF graph are determined
for each color channel to decide about optimum threshold level.
Teorona > Wreat Wpiye > 30 (4.1)

Where T,.,ronqiS the threshold for corona discharge, W,.4 is the weight of red is
color and W, is the weight of blue color. If the summation of weight of red and
blue colors in a pixel is smaller than 30, that pixel is removed from the image. All
steps of thresholding can be seen in Figs. 4.2-7 including the effects of red and blue

colors in a corona discharge.
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Figure 4.6. Discharge light with respect to three channels of red, green and blue
colors

Original Blue + Red > 30

Red

Figure 4.7. Processed discharge images
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It should be mentioned that the critical value of threshold method tried for all videos
that are captured in different condition due to trial-error and mentioned figures are
examples to show the procedure.

4.1.3 Corona Light Characteristics

After identifying corona light, three parameters, area growth, light propagation and
light intensity, are extracted from the videos in order to have some information on
different discharges. Those parameters are used as an indicator to characterize a
discharge.

4.1.3.1 Area Growth

Area growth represents the number of all pixels that belongs to the discharge zone
[26]. First the discharge zone is defined and all the pixels belong to discharge zone is
calculated to determine area growth.

4.1.3.2 Propagation

Propagation of corona light is the furthest pixel (x;, y;) in discharge zone to discharge
center (x., y.) [26]. In fact discharge center is defined as the center of discharge zone.
The distance between the furthest pixel and the center is calculated by Euclidean

norm:

d = /(% = x)? + (yi — ¥o)? (4.2)
To find the furthest pixel, the distance between all pixels belong to discharge zone are
calculated with respect to the center then the maximum value is taken into account.
Moreover, the pixel is shown with red color in discharge images to double check the
furthest pixel with respect to center. Fig.4.8. shows one sample frame of furthest pixel

from center of discharge.

30



Y axes (pixel)

5 10 15 20 25 30 35 40 45 a0
X axes (pixel)

Figure 4.8. Furthest pixel from center of discharge

4.1.3.3 Intensity

Intensity of corona light is determined by the maximum luminance value of the pixel
that belongs to the defined discharge zone [25]. Representing luminance of light is
easier in YCbCr color space. RGB space is transformed into YCDbCr color space by
built-in MATLAB function. As it is mentioned before, Y represents luminance
information of each pixel. Therefore, by single component of Y [32], corona intensity
can be defined. The value of luminance belongs to visible discharge area is calculated
as the maximum value of each frame then the average values of all frames are taken
into account. Fig. 4.9 shows some samples of maximum luminance value for random
frames under different levels of voltage. The index values in white boxes show

luminance intensity of that pixel in each figure due to Y channel of YCbCr color
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space. As it can be seen the maximum value of luminance always takes place in the

center of discharge.
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Figure 4.9. Some samples of maximum luminance value
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The flowchart for video processing of corona discharge is shown in Fig. 4.10 All

those steps have been carried out using MATLAB.

Read a video
n=frames No
Background
frame -
k=1 (first frame)

Background
subtraction f

Discharge + noise

Thresholding

Corona
identification
Area growth Propagation Intensity

/

Processed frame

Processed video :
k=i+1
Yes
Combine the No i<n
frames

Figure 4.10. Algorithm of the methodology
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Chapter 5

RESULTS AND DISCUSSION

5.1 Experimental Set up

Experiments have been carried out at High Voltage Laboratory of EMU Department
of Electrical and Electronics Engineering. An electrode system is configured using a
rod and a plane electrode. AC voltage is applied on the electrode system by using 5
kVA, 100 kV high voltage test transformer. The schematic diagram of experimental
setup is shown in Fig. 5.1. C; and C,; form a voltage divider, C; (100 pF) is high
voltage capacitor and C, (0.1 uF) is low voltage capacitor, to measure the alternating

voltage as seen in Fig. 5.1. The camera is installed 1 meter distant from electrode

system.
? Handy CAM
C: |
N Electrode | -----""" @
e system Im
HV AC C C\D
Trans.

Figure 5.1. Schematic diagram of experimental setup

34



T

Figure 5.2. Experimental setup in HV laboratory

Two rod-type electrodes with the same length of 5 cm, having a different curvature
radius at the tip are used in the electrode arrangement to analyze the effect of
sharpness of the electrode and its influence in the corona light. Electrode system and

two different electrodes used in this study are shown in Figs.5.3 and 5.4 respectively.

Figure 5.3. Electrode system
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a. Electrode with a sharp tip b. Electrode with a round tip
Figure 5.4. Different rod-type electrodes used in this study

The electrode gap is adjustable. In this study, electrode gaps of 5 cm, 6 cm, 7 cm and
8 cm are tested. The applied voltage is increased in steps of 5 kV during the
procedure. The light emission videos are recorded using a common camera, SONY
(HDR-CX190) with 1920x1080 resolution. The camera is located at one meter distant
from the electrode arrangement. The tests are performed at average air pressure of
p=768 mmHg, average temperature of t = 25°C, and average relative humidity of

40%.

5.2 Results

The experiments have been carried out in dark environment since videos are recorded
by a regular camera it is not possible to capture good images in light. The
characteristic parameters; area growth, propagation and light intensity of discharge
are calculated for different electrodes with various separations under different voltage
levels. All three parameters are calculated for each frame then the average values of

them are taken into account
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5.2.1 Area Growth

Area growth for sharp tip electrode is shown in the Table 5.1. This table shows that
the discharge initiates sooner for smaller electrode gap as expected. In smaller
electrode gaps, it is not possible to acquire many partial discharge recordings because

of complete breakdown.

Table 5.1. Area growth (in pixels) of discharge zone with respect to applied voltage
for different electrode gaps of sharp-tip electrode

Applied voltage [kV]

Electrode

Gap [cm] 40 45 50 55 60 65 70

5 54 105 BD BD BD BD BD
6 - 64 116 125 BD BD BD
7
8

- 34 70 142 857 BD BD
- - - 90 112 165 238

As seen in the Table 5.1, at lower voltages; the visible discharge does not start even
though the discharge is audible; therefore it is not possible to record videos. At higher
voltages; complete breakdown has been observed, bridging the entire electrode gap;

therefore there is not any partial discharge measurements.

The average area growth increases gradually when the applied voltage is increased. In
Table 5.1, it is observed that value of area growth is bigger than expected at 60 kV for
7 cm electrode gap. The reason for this anomaly is the occurrence of breakdown in the
gap during experiment. Similar study has been carried out for round tip electrode.
Table 5.2 shows that discharge starts at higher voltage levels and time lag for
breakdown is higher compared to sharp tip electrode. From Table 5.1 and Table 5.2, it

is observed that more recordings are available for round tip electrode compared to the
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sharp tip electrode. Because for sharp tip electrode has stronger electric field intensity
that causes sooner occurrence of complete breakdown for higher level of voltage. On
the other hand, area growth of the discharge is mostly bigger for round tip electrode
under same voltage. Moreover it is obvious that the area growth is bigger for smaller

electrode gap under same voltage level.

Table 5.2. Area growth (in pixels) of discharge zone with respect to applied voltage
for different electrode gaps of round-tip electrode

Applied voltage [kV]
Electrode | o | 50 | 55 | 60 | 65 | 70 | 75 | 80 | 85 | 90
Gap [cm]
5 140 | 355|634 | 734 | BD | BD | BD | BD | BD | BD
6 - - 169 | 474 | 655 | BD | BD | BD | BD BD
7 - 09 | 186 | 381 | 521 | 627 | 696 | 890 | 846 | 937
8 - - - 81 | 148 | 305 | 390 | 547 | 639 | 828

Figs. 5.5 and 5.6 show the trend of area growth for 8 cm electrode separation with
both round and sharp tip rod electrodes respectively as below. It can be seen that the
discharge zone gets bigger when the voltage level is increased. Figs. 5.7 and 5.8
show the same trend for 7 cm gap but the visible discharge is started at lower level of
voltage in both sharp and round tip electrodes due to smaller electrode gap.
Moreover at same level of voltage it is obvious that the area growth is bigger for 7
cm in both sharp and round tip electrodes. Also as it is mentioned before, there is an

irregularity can be seen at 60 kV for sharp tip electrode due to complete discharge.
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5.2.2 Propagation
Propagation of the discharge is represented by the distance. The average of the
distance of farthest pixel belongs to discharge zone to the center for both sharp tip

and round tip are shown in the tables 5.3 and 5.4.

Table 5.3. Propagation of discharge zone with respect to applied voltage for different
electrode gaps of sharp-tip electrode

Applied voltage [kV]
Electrode 40 | 45 | s0 | s5 | 60 | 65 | 70
Gap [cm]
5 7 9 BD BD BD BD BD
6 - 5 15 12 BD BD BD
7 - 5 8 12 28 BD BD
8 - - - 8 9 11 18

Table 5.3 represents distance of furthest pixel to center is increased when the voltage
increased. There is one abnormal value at 60 kV of 7 cm due to flashovers during
experiment. On the other hand, propagation is calculated as an average value of all
frames belong to each voltage level so it is expected to have some irregularities such

as 55 kV of 6 cm. Same trend is observed for round tip electrode as Table 5.4.

Table 5.4. Propagation of discharge zone with respect to applied voltage for different
electrode gaps of round-tip electrode

Applied voltage [kV]
Electrode /o | 50 | 55 | 60 | 65 | 70 | 75 | 80 | 85 | 90
Gap [cm]
5 1318|2427 |BD|BD|BD|BD|BD| BD
6 - | - |16 27|23|BD|BD|BD|BD]| BD
7 -l - 1416|1921 25| 28| 24| 27
8 Sl - - |13l 202121 2] 27
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The distance of furthest pixel belongs to discharge zone to the center for both round-
tip and sharp-tip electrodes at 8 cm electrode gap are shown in Figs 5.9 and 5.10. It
can be seen that distance of the furthest pixel to the discharge center increases when
the applied voltage increases. Figs 5.11 and 5.12 show same trend for 7cm gap. As it
can be seen in the tables and figures, the number of recordings is decreased at
smaller electrode gap. It is obvious that discharge starts sooner and ends sooner for 5
cm and 6 cm electrode gaps due to complete breakdown. Unfortunately there is not

enough data to discuss for these observations.
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Figure 5.10. Trend of discharge propagation with respect to applied voltage for 8 cm
electrode gap of sharp-tip electrode
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Figure 5.11. Trend of discharge propagation with respect to applied voltage for 7 cm
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Figure 5.12. Trend of discharge propagation with respect to applied voltage for 7 cm

electrode gap of sharp-tip electrode
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5.2.3 Intensity

Intensity for sharp tip electrode is shown in the Table 5.5. This table shows that the
discharge initiates sooner for smaller electrode gap. In smaller electrode gaps, it is
not possible to initiate partial discharges. The value of luminance belongs to visible
discharge area is calculated as the maximum value of each frame then the average

values of all frames are taken into account.

Table 5.5. Intensity of discharge light with respect to applied voltage for different
electrode gaps of sharp-tip electrode

Applied voltage [kV]

Electrode

Gap [cm] 40 45 50 55 60 65 70

5 41 83 BD BD BD BD BD
6 - 55 71 75 BD BD BD
7
8

- 45 58 72 132 BD BD
- - - 53 60 71 86

Since the electric field intensity is stronger where the curvature radius is small, it was
expected to have stronger electric field for sharp-tip rod electrode compared to round

one. This fact can be observed in light intensity Table 5.5 and 5.6.

Table 5.6. Intensity of discharge light with respect to applied voltage for different
electrode gaps of round-tip electrode

Applied voltage [kV]
Electrode /o | 50 | 55 | 60 | 65 | 70 | 75 | 80 | 85 | 90
Gap [cm]
5 37 |42 | 53|50 |BD|BD|BD|BD|BD| BD
6 - | - 3|3 |sa|BD|BD|BD|BD]| BD
7 - |48 | 54|59 |63 | 70|78 | 76 | 89| 99
8 | - | - | 40|48 | 61|68 | 79 | 82| 67
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The intensity of light belongs to discharge zone for both round-tip and sharp-tip
electrodes for different electrode gaps from 8 cm and 7 cm are shown in Figs 5.13-
16. The number of corona observations is decreased for smaller electrode gaps. It is
obvious that, intensity of light is getting higher when the voltage level is increased.
Moreover, the value of light intensity is always bigger for sharp tip electrode under
same voltage. This trend is compatible with theory of electrical field intensity that
electrical field is stronger where curvature radius is smaller i.e. electrode is sharper.

Numerical solution which are explained in the Chapter 3 also support those results.
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Figure 5.13. Trend of light intensity with respect to applied voltage for 8 cm
electrode gap of round-tip electrode
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Figure 5.14. Trend of light intensity with respect to applied voltage for 8 cm
electrode gap of sharp-tip electrode
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5.3 Discussion

The experimental study shows that, all the measurements are compatible with
theoretical background except minor irregularities. According to Gauss’ law
(Egs.3.4-9) electric field is stronger where the charge density is bigger. That means,
under same level of voltage for the same electrode gap, source charges are closer to
each other at sharp points with smaller curvature radius. Therefore, electric field is
stronger for sharp-tip electrode compared to the round-tip electrode. The light
intensity increases with electric field which means when the electrical field is
stronger the light is brighter. Experiments reveal that, light is brighter, light intensity
is higher for the sharp-tip electrode which has higher electric field intensity. The
result of numerical solution also supports the experimental study. The numerical
solution shows that, the electric energy density (J/m3) for sharp-tip electrode is
higher compared to the round-tip electrode under same voltage (Tables 3.1 and 3.2).
Calculated energy density is compatible with the energy characteristic of light. The
area growth of discharge is smaller for sharp-tip because electric field lines are closer
in this profile. Similarly, light propagation is smaller for sharp-tip electrode.
Obviously, the distance between furthest pixel of light to center increases when the
area growth gets bigger. Also according to Eq. 3.22 electric field has inverse relation
with electrode separation that electric field is stronger for smaller gap under same

level of voltage.

It should be noted again that experimental results is supported by the numerical
solution. Electric field increases when the applied voltage is increased as expected.

But in experiments, results show some irregularities due to unpredictable flashovers.
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Chapter 6

CONCLUSION AND FUTURE STUDY

6.1 Conclusion

In this study, a visual recognition of corona discharge by video processing has been
carried out. Two rod-type electrodes with different profiles are designed. For the rod
electrodes, different curvature radius at the tip is used. Using those profiles, rod-plane
electrode arrangement is installed to be tested. Experiments are conducted at
approximately standard ambient conditions . The images of visible discharge light on
the rod electrodes are recorded and by video processing they are translated into three
quantifiable parameters: area growth, propagation and light intensity of discharge
zone. Strong relationship between those parameters and applied voltage level has been
observed. All of the measurements and calculations are compatible with theoretical

background.

This study shows that, with the recent developments in signal processing techniques,
it iIs possible to analyze discharges by their light. It should be noted that light
characteristics of corona; area growth, light propagation and light intensity are quite

distinctive which makes a visual recognition accurate.

This study covers visual recognition only for corona discharge. By using different

electrode configurations, dataset can be expanded to generate different discharge
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types such as flashover, breakdown, etc. In this way, it is possible to classify different

discharges using their visible light characteristics.

Predicting the voltage level, electric field intensity around a conductor by light
parameters of a discharge is also possible. Analysis and predictions in a power system
with non-electrical measurements will be very helpful in the future by using new
techniques of image processing. Because in this way, necessary economic or technical

measures can be taken without interrupting the entire system.

This study is a minor step for on-site fault detection by corona light and planned to be

improved.
6.2 Future Studies

For the next step, effect of ambient conditions will be investigated in a controlled
environment. Moreover, other types of camera such as UV camera and infrared
camera will be tested to have more accurate data because of their sensitivity. Online
identification of discharge is also possible by video processing method, which is very

helpful to monitor discharge activity in an operating power system.

This study shows that, image processing and video processing applications can be
good tools for PD analysis studies. Detection, classification, localization of PD,

monitoring a power system and remote sensing are possible by this method.
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