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ABSTRACT

Power transformers are substantial and key elements of electrical energy networks. The power
transformers should be insulated to provide reliable and safe service in the power systems. Due
to the continuous operation of power transformers sudden failure and outages may occur as the
insulation degrades with time. Hence continuous insulation quality monitoring of power
transformers is essential and widely accepted assessment is the identification of partial
discharges. PD monitoring techniques can be performed either online or offline. These online
monitoring techniques do not interrupt its normal operation whereas offline monitoring
techniques require disconnection from the power supply. The recommendations for transformers
condition assessment and monitoring facilities had been reviewed in technical brochure of Cigre
working group A2.27, 2008.

PD is a quite cumbersome incident and random in nature. There are still distinct challenging
aspects like accurate evaluating PD measurements, analysing the captured PD signals relevantly
and thereafter preparing a report on insulating system of the condition assessment. The present
work is focused on design of a non-invasive monitoring type of sensor technique for PD
detection and source localization in power transformer using distinct metaheuristic methods.

In this thesis, metaheuristic techniques such as particle swarm optimization, bat algorithm and
fuzzy adaptive particle swarm optimization have been investigated for localization of PD source
in power transformer using non-invasive monitoring techniques. These approaches are applied to
laboratory as well as field PD measurements of acoustic emission case studies. These case
studies demonstrate merits of the proposed metaheuristic techniques when compared to
conventional techniques in the localization of PD source.

A broadband printed log periodic dipole array ultra high frequency sensor has also been designed
for detection of distinct incipient discharges falling on UHF frequency range i.e. 0.5 - 3GHz. To
validate the designed UHF sensor, four distinct test cells have been designed and manufactured
to capture respective incipient discharges falling in that UHF range i.e. corona, particle
movement, free metal particles and surface discharges. After detection of PD sources, time
difference of arrival measurements can be acquired from PD source to the respective non-
invasive sensors i.e. acoustic and UHF sensors. In this thesis, an investigation on these TDOA
measurements acquired from the narrow and broad band LPDA UHF sensors for localization of
PD source has been performed. The PD source localization results were found to be within
acceptable limits.

Keywords: Partial Discharge (PD), Acoustic Emission (AE), Bat Algorithm (BA), Particle
Swarm Optimization (PSO), Fuzzy Adaptive Particle Swarm Optimization (FAPSO), Time
Difference of Arrival (TDOA), Log Periodic Dipole Array (LPDA) , Ultra High Frequency
(UHF).
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Chapter-1 Introduction

CHAPTER 1
INTRODUCTION

1.1 Overview

A significant difficulty in the operation of any high voltage power apparatus is the accurate
and effective process, which in low cost are utmost capital savings and prevailing over
technical requirements. In addition, the principal expenditure demanded for an apparatus
often recommends safeguarding with reasonable restoration. As a result, the depreciation of
operational expenses bears unplanned downtimes, redundant maintenance and limitations of
process capabilities have emerged as significant objective of any industry. Thus, the
diagnosis and detection of partial discharges (PD) in power transformer is of great feasible
relevance. With the precise monitoring and detection of partial discharges in the power
transformer, prior warning symptoms can be obtained for better safety, preventive
maintenance and enhanced reliability. PD’s can give rise to economic and production losses,
even human casualties and equipment shut down. Hence early, fast and proper monitoring
and detection of PD’s is requisite in hindering substantial damage to the system and

acknowledge enough timely measures to safeguard the high voltage power apparatus.

The transformers may experience distinct insulation breakdown problems throughout their
entire lifetime [1]. Owing to above, an inaccurate transformer functioning consistently
accompanies failures and in the end gives rise to production curtailments. In connection to
this, PD sources may be either internal or external. These PD sources are generated due to
chemical, electrical, mechanical and thermal stresses. The insulation material deterioration in
any high voltage power apparatus is affected by synergetic connections of the above stresses
originated by PD sources. Figurel.1 shows the root causes of insulation degradation in any
high voltage power apparatus caused by PD sources.

Basically industrialists follow three forms of maintenance strategies i.e. corrective
maintenance, time-based maintenance and condition-based maintenance. Figure 1.2
elucidates the merits and demerits of the maintenance strategies. Now a day, industrialists
have arrived common interest towards the benefit of prognosis approaches in condition-
based maintenance (CBM). These approaches depend on the knowledge assigned by
condition monitoring and PD detection systems i.e. check out system changes persistently.
This type of identification
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4

Partial discharges sources

4

Figure 1.1 Root causes of insulation degradation in any HV power apparatus due to PD
sources

techniques must be reliable and potent for PD sources which necessitates non—invasive and
able to monitor any type of PD sources in the prior steps. A substantial amount of research
has been steered in relation to condition monitoring of power transformers adopting non-

invasive monitoring techniques.

Traditional Maintenance Strategies Bl e R e
g

Condition based Maintenance
¢ Enhances Apparatus Life time
e Reduces Restoration costs

o Alleviates Insulation Breakdown time
Turndowns significant deterioration

Corrective Maintenance
® Responds to Equipment failure
¢ Low maintenance cost

¢ Results in unplanned downtime

Time based Maintenance
¢ Conducted at fixed time intervals
o High maintenance cost

\ ¢ Alleviates unplanned downtime /

Figure 1.2 Different types of maintenance strategies followed by the industries
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The primary goal of PD source identification and monitoring techniques is to attain a raw
signal from the incipient discharges. Predominantly, the development of identification and
monitoring techniques for PD sources requires a time taking process to detect the sign
warnings to be monitored, impart the proper signals for identification of particular PD
symptoms and then specify the accurate computational method to process the signals. In fact,
in the reported literature, there is not yet any overall algorithm for PD source identification
and monitoring system that may surpass the parametric and model uncertainty. As a
consequence, researchers have recommended variety of identification and monitoring
systems with parameter settings that are elaborated precisely to the system under
consideration. As per the survey reports, PD source identification methods are classified into

two types i.e. model based and model free approaches.

Model Based Approach takes the help of apparatus model because the concept is to determine
such parameters from the models that demonstrate mismatch between healthy and PD
condition. In the case of model based approach, exact models of the system are basically
demanded to bring out a robust PD monitoring. Normally, the more exact the model, the
more stable based PD monitoring process will be i.e. the inputs and outputs of the system
make use of the mathematical models. Several methods depend on the idea of logical
redundancy rather than actual redundancy. The basic concept in the model based PD source
diagnosis technique is to utilize the virtue of the given model process and reproduce
remaining PD sources information. In the PD source identification technique, obviously
model quality plays the key role.

The model based approach can be classified into three types based on their reasoning i.e.
knowledge based models, data based models and analytical based models. Knowledge based
models depend on natural knowledge of PD sources like human mind of system [2- 5]. Data
based models are employed when the system model is not identified in the analytical
instruction and inexperienced system working knowledge on PD sources. Moreover, complex
and resolved systems and the development of physical standard models on good precision
mathematical models may transform to very troublesome, time taking and even unsolvable
sometimes. In general, attaining exact parameter values for the given model turns to be
endless task. Analytical models are fixed on the well-known physical interface with the
monitoring apparatus and it can be implemented using parameter estimation, observers and

parity equations.
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The model free approaches can be evaluated using signal processing and monitoring. These
approaches utilize desired sensor signals at the beginning juncture. In the second step, it
deduces the proper data with the help of signal processing techniques like Fourier transforms,
wavelets etc. The PD source is identified and detected based on the derived information in the
second step. The condition monitoring is acknowledged as the heart in the final step of this
approach. The merit of the model free methods easily excludes parameter mismatches in

between the actual and theoretical models.
1.2 Motivation

The partial discharge source localization using non-invasive monitoring techniques are
widely utilized by many transformer manufacturers and power utility engineers in routine and
critical situation for optimal operation of the electrical power system as well as further risk
assessment and restoration scheduling. The PD detection is not just enough to take solution,
but also identification of PD source is essential to restore the apparatus condition. In general,
the PD source is located geometrically by means of time measurements from respective
sensors to the PD source. Many researchers have proposed several heuristic algorithms for
solving the PD source localization problem in the literature. Moreover, an effective
metaheuristic algorithm is required to attain a global optimal value. The subsequent research

gaps have been pinpointed as motivation of the dissertation.

e Majority of literature proposes conventional methods and single parameter tuned
optimization algorithms and very few proposed metaheuristic algorithms for PD
source localization using noninvasive monitoring techniques.

e Need an effective metaheuristic algorithm that can work for both field and laboratory
data for PD source localization using noninvasive monitoring techniques.

e Most of the researchers designed limited bandwidth i.e. narrowband & multiband
UHF sensors and very few designed broad band UHF sensors for PD measurements.

e Most of researchers in the literature not yet calibrate the designed UHF sensor
sensitivity and very few researchers have mentioned the sensitivity of designed UHF
sensor.

e Many researchers designed UHF sensor with higher dimensions and not followed the
basic standards in the design and measurements.

e Still today there is no standard method for the calculation of TDOA in the literature.
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o Still research is going on various aspects for the localization of PD source using Non-

Invasive Monitoring Techniques.
1.3 Research Contributions

From the gaps observed in the literature stated above the following objectives are

considered in this thesis.

e Development of a Heuristic Algorithm for PD source localization using the field data
available in literature utilizing acoustic sensors.

e Development of Fuzzy Adaptive particle swarm optimization method on existing
available field & laboratory data in the literature for PD source localization in power
transformer utilizing acoustic sensors.

e Demonstration of PD source localization using narrow band tailor made UHF sensors.

e Development of broad band Log Periodic Planar Dipole UHF Array Sensor using
ANSYS HFSS Software for detection of various types of partial discharges.

e Demonstration of PD source localization using broad band Log Periodic Planar
Dipole UHF Array Sensors.

To execute the above objectives, in this thesis metaheuristic algorithms and integration of
metaheuristic algorithm with fuzzy logic system are developed for non-invasive PD
monitoring methods which can enhance effectiveness and system’s reliability in the
direction of detection and localization of PD source in Power transformer. Figure 1.3
delineates the detailed plan of research work introduced in this thesis.

Localization of PD Source in Power Transformer using Non- Invasive Monitoring Methods ‘

v A 4
Acoustic Emission Method ‘ Ultra High Frequency Method ‘
|
. l i |
BAT Algorithm ‘ Hybrid Algorithm (FAPSO) ‘ \PD Detection| \ PD Localization
| v
Design of UHF Sensor v
| ‘ Validation ‘

Validation

Sensor
Fabrication

Simulation
Software

Laboratory
Experiment set up

Laboratory case study data

Field case study data ‘

Figure 1.3 Detailed plan of research work
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1.4 Organization of the Thesis

The above research work is organized in six chapters in the dissertation and is provided as
follows

The first chapter provides the overview, key issues motivated to carry out the research
objectives and brief summary of the present research work and organization of the thesis.

The second chapter provides a relevant literature review which is performed on PD source
localization in power transformer using Noninvasive monitoring techniques. Concepts of PD
and manifestation of physical effects leading to PD. Further different non —invasive PD
measurement approaches are explained in depth.

The third chapter presents Acoustic sensor-based PD source localization in power
transformer using Bat Algorithm. In this chapter Bat algorithm is proposed for the
localization of PD source in power transformer. To validate the efficacy of the algorithm
statistical measures have been utilized. From the PD source location results, it is revealed that
Bat algorithm converges in less time when compared to other existing algorithms in the
literature.

The fourth chapter reports fuzzy adaptive particle swarm optimization (FAPSO) algorithm
for localization of PD source utilizing acoustic time measurements. In this method, the inertia
weight is effectively regulated by simple IF THEN fuzzy rules to improve the global optimal

solution and improves the accuracy in estimating the PD source location.

The fifth chapter addresses the designing of broadband log periodic dipole array (LPDA)
UHF sensor and its key issues feasibility in the detection of different PD sources occurrences
in the power transformer. The details of various high end devices along with the different
designed artificial PD sources for this research work are elaborated. Both narrow band and
broad band type LPDA UHF sensors have been validated by conducting an experimental set
up for localization of PD source individually. These two types of LPDA UHF sensors
detected the partial discharges effectively in their range of applicability. The particle swarm
optimization algorithm is utilized for the localization of PD source with these narrow and
broad band LPDA UHF sensors.

At last, sixth chapter emphasizes the key resolutions of the dissertation and also the

possibility of additional research scope in this field is explored further.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Partial discharges are the local electrical stress concentrations in the imperfections of the
insulation material and causes very short duration currents pulses which can be electrically
monitored and measured. Owing to happening of incipient discharges, the PD sources evolve
in various forms that distributes to surrounding medium and also impart differently on
insulation media. These electrical discharges can be assessed for condition monitoring of

high voltage power apparatus by employing desired monitoring techniques.

2.2 PD and Its Mechanism

The mechanism of PD originates in gas or liquid dielectrics, when an atom hit by free
electron which is stimulated to the surrounding field. But the term partial discharge can be
used to distinguish the real breakdown occurrence that causes both the streamer and
Townsend type PD pulses. Townsend discharge gives rise to the effect of positive ions at the
cathode, electron emission exists and the released electrons generate ionization for build-up
gap current. The processes of Townsend ionization is mostly direct ionization process and the
discharge exists within a fixed short gap on the cathode emission of continuing discharges.
The rise time of these partial discharges is in very short duration of nanoseconds [6, 7]. The
streamer discharge exists for the longer gaps and causes ionization which spreads to high
field regions only. It is important that streamer is chaotic in make out that it may be false with
the exact mechanism of streamer breakdown where the breakdown mechanism is regulated
by photoionization in gas volume of longer gaps. In general, partial discharges are classified

into four types based on the various mechanisms as shown in the Figure 2.1.
A. Corona Discharges

This type of discharge occurs in the gaseous medium either in uniform or non-uniform

electric fields electrode configurations.
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B. Surface Discharges

This type of discharge occurs if there exists a stress component parallel to dielectric medium.
In general, these discharges occur in the transformer’s bushings, cable ends and overhanging

of generator windings.
C. Internal Discharges

When cavities or voids are occurred in liquid / solid dielectric mediums, these discharges
occurs due to overstress in the insulation medium i.e. when the electric stress exceeds the

insulation breakdown strength then incipient discharges occurs.
D. Treeing Phenomenon

The continuous impact of partial discharges in solid dielectrics forms as treeing channel.

(c)
Figure 2.1 Distinct forms of PD (a) Corona discharge (b) Surface Discharge (c) Internal
discharge (d) Treeing Phenomena

2.3 PD Monitoring Techniques

Partial discharges are the extreme dangerous process in any high voltage power equipment
which deteriorates the equipment life with the damage of insulation. Thus, it is necessary to
detect the partial discharges for extending the apparatus lifetime which avails to make

undamaged to the whole apparatus. Thus, the continual monitoring necessitates for regular

9
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condition based maintenance (CBM) of any HV power apparatus in order to minimize the
revenue losses, power supply interruptions and unexpected failures. In general, PD
monitoring techniques are of two kinds i.e. Invasive and Non- Invasive. The Invasive is the
direct way of monitoring usually electric method i.e. conventional method. The Non-
Invasive is an indirect way of monitoring PD’s. The PD’s gives rise to manifestation of
distinct measurable signals in terms of acoustic, UHF and sometimes optical [8] comes under

non-invasive monitoring techniques as shown in the Figure 2.2.
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e
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.

Two basic ways of PD Monitoring

‘ l

Invasive Method Non-— Invasive Methods
Conventional/ Direct / Electrical Acoustic Emission Method
1.e. IEC 60270 Standard

Electromagnetic Radiation

Chemical Method

Optical Method

Figure 2.2 Physical effects of PD and its monitoring methods

The reliability of the electrical grid relies on the availability and quality of high voltage
power apparatus like power transformer. The internal insulation damages [9, 10] may cause
to catastrophic breakdowns and give rise to high outage and penalty costs. To minimize such
dangers, it is routine for power transformers to have passed a set of factory tests together with
partial discharge (PD) activity before acceptance and commissioning. The acoustic and ultra
high frequency (UHF) PD measurement methods are employing either individually or in the
combination with the electric method according to IEC 60270 [11,15].

10
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The PD measurements gained popular and accepted test for any high voltage power
apparatus insulation system according to IEC 60270 standard. Now- a- days there is a
growing challenge to assess the PD measurements for installed apparatus in service being
powerful monitoring tool. The conventional or invasive methods have some limitations and
demerits if executed online and onsite conditions [12, 13]. Normally two things are required
as for PD its intensity level and position. Possessing knowledge on PD origin is crucial to
evaluate e.g. the hazard capacity of the defect [14]. It is of vast significance to understand
about the PD origin for scheduling and commissioning repair/ maintenance measures results

in time and cost systematically.

According to IEC 60270, the direct electrical PD measurement setup typically has sensitivity
constraints for online /onsite measurements as a consequence of field noise levels. The three
phases being coupled in a transformer, only one partial discharge pulse in one particular
phase can also be measured as cross coupling signals in all phases. The analysis of multi
terminal PD measurements acknowledges a procedure to visibly discriminate multiple PD

sources and get rid of external disturbances.

The ultra-high frequency PD measuring method is based on the reality that the incipient
discharges under oil are relatively short duration electrical pulses and emits electro- magnetic
waves in the UHF range of 300-3000MHz. The electromagnetic waves are sensitively
detected inside the transformer tank since the propagation of these waves attenuates
moderately. The UHF probes can be placed through the oil valve into the transformer during

full energization.

When acoustic or UHF PD measurements confirm PD activity, a three-dimensional PD
source localization is the following step for hazard assessment of PD activity. The time
measurements corresponding to particular PD event and three space co-ordinates, the number
of unknowns requires four sensors for time difference of arrival (TDOA) measurements and
location. The UHF method has this possibility however it limits the sensor number to three or
less. Since there is a greater number of piezo-electric acoustic sensors that can be fixed on
transformer tank. However, acoustic sensors are generally more attenuated to external

disturbances rather than internal PD generated sound waves.

The merits of the noninvasive PD measurement procedures[16-18] are their broad immunity
over external noise signal disturbances onsite and these sensors do not require electrical

connection to high voltage circuit and the fundamental feasibility of determining three

11
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dimensional PD defect location utilizing these signal arrival time measurements. The UHF

method renders very low noise levels

PD measurements may help in understanding the insulation damage that has occurred or not
in any high voltage power apparatus, but they cannot estimate the PD source location itself.
The specific amplitudes of PD may be allowed in particular locations, but their existence can
be adverse at some locations in power transformer. The PD source location diagnosis in
power transformer guides to effective evaluation of PD measurements results and beneficial
for restoring a damaged transformer. Moreover, it is informative for developing the better
design of the transformer. The main aim of locating PD inside the transformer or entire
substation is more difficult because it is three dimensional. The PD source is located in 3D
space by minimum of four sensors time difference of arrival measurements. Additional
difficulty may include when the line of sight path from the PD source to the respective
sensors can obstruct by materials inside the monitoring region and determining paths to

enhance this issue rests a focused area of research.

2.3.1. Direct or Invasive Technique (According to IEC 60270 Standard i.e.
Electrical Method)

According to IEC 60270 standards, [19] the PD is defined as a localized electrical discharge
that only partially bridges the insulation between conductors and which can or cannot occur
adjacent to a conductor. The observed beginning voltage at which PD initiated when the
voltage is gradually increased from a lower level at which no PD is developed from the test
object is known as inception voltage. The voltage at which PD come to end when the voltage
is gradually decreased from a higher level at which PD is observed is termed as extinction

voltage. In general inception voltage is greater than the extinction voltage.

The electrical location methods are established on the measured time resolved PD signals
analysis at the transformer terminals [20]. The PD current pulse shape is highly dependent on
the respective dielectrics medium like oil, paper, gas etc. In [21] illustrated the sensitivity

limitations of UHF method for PD source location in power transformers.
The main limitation of electrical method is it’s prone to noise.

e ltis an Invasive method, requires measuring device for every PD source is to connect

with the test system.

12
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e Difficult in installation, as it requires extending power supply.

e Requisite of more electrical equipment arrangements are required like voltage source
of PD free & blocking capacitor.

e Faraday cage shielding is needed for prevention of external noise disturbances.

e Itistough to detect localization of PD sources.

PD
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Figure 2.3 Direct electrical PD measurement circuit for transformer
2.2.2. Indirect or Non-Invasive Technique (Acoustic Emission Detection)

This technique is arousing substitute for online detection of partial discharge in power
transformers. With the happening of partial discharge, the current streamer is established in
the void, the medium around the hot streamer is vaporized and the acoustic waves are
produced. The streamer induces a discharge of mechanical energy, which then spreads
through the high voltage power apparatus surface in the shape of pressure field [22]. The PD
defect acts as primary source of acoustic wave’s propagation around the medium in spherical
form [23]. During the propagation, the wave endures from absorption and dispersion caused
by effects of insulation material. The waves at the boundary surface of the liquid and gas
insulation medium endures from destructive and constructive interference due to the acoustic

impedance of the two dissimilar media.

13
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In acoustic sensor based PD detection, the acoustic waves are sensed by sensors from the PD
source in the frequency range of 30 — 300 kHz. These acoustic sensors are fixed on the
surface of the transformer tank which captures the mechanical pressure waves and converts
into electrical PD signals which could be acquired by appropriate data acquisition and
processing system. These sensors can be placed in two different ways. The acoustic sensors
which are fixed on the outside of the transformer wall come under external acoustic detection
system and the acoustic sensors which are fixed inside the transformer tank comes under
internal acoustic detection system. The limitations of acoustic sensor based detection system

are

e The mechanical waves emitted from the acoustic sensors to the PD source do not form
in spherical wave fronts owing to its complex nature and the non-homogeneity of
power transformers structure.

e The perturbation by absorption and dispersion in the oil insulation and multiple
reflections in the material of the transformer tank causes noise and reduced level of
signal strength.

e The acoustic sensors require more sensitivity for PD detection owing to various

attenuation processes.

2.2.3. Indirect or Non-Invasive Technique (Electromagnetic / Radio

Frequency / UHF Detection)

The impulsive current of very small magnitude is produced in the ultra high frequency range
if the PD is emitted in the weakness region of the insulation medium. The frequency spectra
of the electromagnetic (EM) waves vary based upon the partial discharge source variation
and the defects which are in and around the insulation medium. The different partial
discharges have their own spectra fall in the frequency range of 300-3000MHz. This
frequency range is termed as ultra high frequency range.

In this method, a suitable UHF sensor or antenna has to be placed around the high voltage
power apparatus to capture the PD signals in the UHF range. The UHF detection system
depends on properties of sensor type, source and insulation medium of EM wave
propagation. The UHF sensor is connected to the measuring system to capture the PD signals.
An amplifier can be connected to the UHF sensor and measuring system if the PD signals

strength is too low. The noise is primarily arising from mobile phone or television in the

14
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UHF range. The PD signals can be evaluated by using various advanced signal processing

techniques and methods.
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Figure 2.4 PD monitoring system for acoustic and UHF signal transmission path

2.4 Importance of UHF PD Detection Method

Among various online PD detection methods demonstrated, UHF PD detection method is

popularly gained currently by many researchers all over the world. This UHF method is

promoted owing to certain merits compared to other detection methods. Most of the reported

works in the literature performed by researchers to build the PD detection system more

precise, transparent and well-built till the date. The advantages of the UHF method are

e The UHF signals have more Signal to noise ratio and immunity over external noise

disturbances.

e The UHF signals travels as the velocity of the light i.e.; 3*10° m/sec.

e This method is powerful and performed both in online and offline modes of operation.

e The multi-source location with minimum number of sensors is possible.

e The dangerous harms connected with detection system are ignored because it is a non-

invasive method unlike direct electrical method.

e This method can employ in hard physical conditions.
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2.5 Challenges of UHF PD detection

1. Drawbacks with digitization: The raw analog signals detected by UHF sensors is further
pre-processed by data acquisition system in which the data is stored and the captured signals
are visualized in digitized form through high speed digital storage oscilloscope (DSO). This

digitization needs high sampling rate for further signal processing analysis.

2. Sensor/Antenna Parameters: The UHF detection method typically depends on design,
structure and antenna parameters. The parameters of an antenna that influence the
measurement are return loss, bandwidth, radiation pattern, gain, directivity and input
impedance. Based on these parameters different types of antennas have been developed in the
literature like Archimedean spiral, log spiral, planar spiral, conical, monopole, micro strip
patch and log periodic antennas. Several researchers still making their effort in the antenna

structure and ease of its handling the detection for cheaper.

3. Detection and Location of PD source: The occurrence of PD is an arbitrary mechanism, its
signal level and form vary every time. Several researchers have presented their ideas for
detection of PD sources with precise results, efficacy utilizing few apparatus and small effort.
After the identification of PD, locating the PD source is also important and many were used

TDOA (Time Difference of Arrival) method for three dimensional localization of PD source.
2.6 Literature Survey on PD Source Localization in Power Transformer

2.6.1 PD Source Localization in Power Transformer Using Acoustic Sensors

This acoustic method has several merits over direct electrical method because they are non-
contact, non-interference prone and ease of installation. The Time Difference of Arrival
(TDOA) method is popularly gained for accurate localization of PD source [24]. In the present
work, the above method makes use of arrival time differences of AE signals with respect to
reference sensor to other sensors there by PD source is determined. However, several

conventional PD localization methods have been found in literature.

In [25], M. Kozako et al carried out the basic study on PD induced acoustic wave propagation
in simulated transformer composite insulation system. Xie.Q et al made a comparison of three
distinct types of acoustic arrays i.e. cross, circular and square shaped for PD detection and
finally concluded that circular array shaped is the best for detection of AE signals [26]. Al-
Marsi et al proposed an algorithm for bias fault (ageing of oil) AE PD detection [27].
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E.Mohammadi et al implemented the PD localization and classification using AE sensors in
power transformer [28]. A.Hekmati et al demonstrated the optimum placement of AE sensors
for distinct PD origins in the tank of the transformer [29]. Majority of the reported works in
the literature have considered line of sight path from PD source to AE sensor in the

transformer and velocity of sound in oil as acoustic wave velocity [30, 31].

Lu et al. proposed pattern recognition method to acoustic PD source localization in an oil
filled transformer and in the simulation, the transformer tank is partitioned into a number of
sub -modules, the PD site is located by finding the small spatial distance between the two
pattern vectors of each sub-module’s i.e. standard pattern vector and its undetermined pattern
vector, and the location error is also more. Hence, this methodology is inappropriate for the
on-line checking and field approaches owing to approximation scope [32]. M.M. Sacha et al.
applied Global Position System (GPS) algorithm which utilizes pseudo time analysis for
acoustic PD source localization and the demerit is sometimes it may produce complex solution
[33, 34].

Veloso.et al. used the genetic algorithm for PD source localization and the source is accurately
located after large number of iterations with more population size [35].The iterative least
square method is always dependent upon the initial guess value, it takes more number of
iterations and there is no guarantee of attaining a feasible PD location result. Hence, it also
suffers from local premature problem. Kundu et al. reported a non-iterative algorithm for
acoustic PD source localization and the drawback is, it also gives two sets of solutions like
GPS algorithm but only one solution is within boundary, the location error is also more even

though it has no convergence problem [36].

L. Tang et al. applied particle swarm optimization algorithm for PD source localization using
AE sensors in the laboratory model [37]. T. Bozcar et al [38] used artificial neural network
for recognition of PD defects in paper oil insulation damaged by aging action. G. S Punekar
et al applied Newton iterative method and genetic algorithm for the localization of PD source
adopting AE sensors [39, 40]. I. Buanuenz et al demonstrated how the instrument system
helps the PD source localization in power transformer adopting AE sensors [41]. Liu. H. L et
al. applied sequential quadratic programming-genetic algorithm for PD source location with
more population size [42]. C. Boya et al applied blind signal separation approach for the
identification of multiple PD sources using AE sensors [43]. Liu. H. L et al. employed
quantum genetic algorithm for PD source location with more population and iterations [44].
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S. Biswas et al utilized cross wavelet transform for the identification of distinct types of PD
sources and ensemble binary support vector machine for the classification of PD sources. At
least five acoustic sensors are required in order to get rid of plane of symmetry for multiple
PD sources [45]. R. Ghosh et al developed source filter model for the extraction of PD pulse
estimation from PD source to the respective sensors and cross correlation method is used for
TDOA measurements and determined the PD source location without using any denoising
method [46]. Y. B. Wang et al proposed particle swarm optimization route search algorithm
for the localization of PD source on 35 kV and 110kV power transformer using AE sensors
[47]. Y. B. Wang et al made a quantitative comparison on the PD source location results with
other algorithms [48]. M. Schrammer et al described the blind estimation of microphone
position on orthogonal geometrical projection using 2Dand 3D AE sensor arrays [49]. L.
Zhou et al proposed differential evolution particle swarm optimization algorithm for PD
source localization in the testing transformer using four AE sensors, two temperature sensors
outside & twenty two sensors inside the transformer and compared the PD location results
with GA, ICA algorithms [50].

2.6.2 PD source localization in Power Transformer using UHF Sensors

P.J. Moore et al. introduced the location of PD source by UHF method using TDOA signals
[51]. Several researchers are employing shortest signal propagation path principle for locating
PD source by UHF sensors TDOA signals till date. In the years 2005-2013, most of the
researchers worked on different aspects like UHF Propagation, optimal placement of UHF
sensors, arrival time recognition are carried out [52, 53, 54 & 62]. Judd et al. addressed the
problems like installation, practicability, capabilities of UHF sensors to power transformer
and explained the PD source location procedure to the prototype transformer model with
0.3m accuracy [53, 54]. In [53], the space grid search method was proposed to solve
nonlinear TDOA equations to localize PD source but, it locates the PD source with more
computational load and time. Z. Tang et al applied hyperboloid genetic algorithm for non-
linear TDOA equations using diamond shape sensor array and cross correlation method was
utilized for TDOA measurements to locate PD source but the approximate location range is
more [55].

Localization of PD source by UHF method involves two key steps, i.e. acquiring TDOA
measurements and solving the non-linear TDOA equations. Three methods to quantify the
TDOA measurements are first peak method, cross correlation and cumulative energy method
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adopted by UHF sensors in which utilized by many researchers in this field. Sinaga et al.
compared all the above three methods to calculate TDOA measurements captured by four
UHF monopole sensors array and concluded that first peak method yielded best accuracy
when compared to other methods [56].

Shibuya et al. developed the analysis of electromagnetic waves generated by PD
measurement using rectangular patch antenna considering with and without active part
elements [57]. B. Sarkar et al developed a low cost RF sensor for the detection of PD source

in high voltage apparatus [58].

Tang et.al proposed energy accumulative based TDOA measurements in which a window is
added to TDOA signal waveform in order to reduce error from PD reflected waveform there
by located the PD source [59]. Xu et al. applied Finite difference time domain (FDTD)
approach to study the UHF PD signal propagation characteristics in simulated transformer
model and the simulation results showed that PD signal has different electric field intensity
[60].

Robles et al. investigated experimental study on zigzag, log periodic and two monopole
antenna of 5cm &210cm for different frequency response to detect PD and concluded that 5cm
monopole antenna is simple & low cost and gains 60% UHF radiated energy signal which

proves best choice for effective PD measurements [61, 62].

C. Boya et al explained blind source separation algorithm for the separation of mixed time
domain signals received by the UHF sensors in the PD source identification [63]. E. M.
Amin et al used RF sensors as multi resonator passive circuit for the detection of PD sources
[64]. S. Zheng et al used planar equiangular spiral antenna as UHF sensor for the location of
PDs in the windings of the power transformer [65]. P.J Moore et al addressed the issues on
detecting the PD's using radio frequency methods, as it provides improved sensitivity and
vigorous anti interferences [66]. S. Tenbohlen et al used monopole antenna for detection of
PD under noisy conditions [67]. S. Coenen et al illustrated the location of PD sources in
power transformer using acoustic and UHF sensors [68]. H. R. Mirzaei et al explained the
issues in the placement of UHF sensor on the power transformer tank and the propagation
paths in the localization of the PD source [69]. H. R. Mirzaei et al applied the particle swarm
optimization algorithm for the localization of PD source considering non line of sight effect

[70]. F. Zeng et al applied semi definite relaxation approach for non-linear TDOA equations
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using diamond shape sensor array to locate PD source but the approximate location range is
more [71].

2.6.3 Different types of UHF Sensors used for Partial Discharge Measurements in Power

Transformer

Partial Discharge (PD) is the dominant diagnostic quantity that manifests incipient discharges
in the transformer. For any kind of PD antenna design, the effectiveness and ability of the
antenna for monitoring the condition of the equipment is given by the effective antenna
height which is the figure of merit for the sensor [73]. Though, the PD discharge frequency
range is from 0.3 GHz to 3 GHz, however, the criticality in compactness of antenna design is

due to lower frequency range requirement for PD i.e. from 0.3 GHz to 1 GHz.

The important sensors used in radio frequency (RF) method are broad band antennas. E. Al.
Almazan et al. demonstrated an RF antenna working in the frequency range of 0.5 GHz to 2
GHz for detecting PDs and also for examination of transformer oil [74]. A. H. El-Hag et al.
[75], the performance of three different RF antennas i.e.; dipole, axial helix and circular loop
are compared with the commercial acoustic sensor for detection of PD signals. Y. Hai-Feng
et al developed multi band loop antenna which works at resonant frequencies in the UHF
frequency range to detect the PD sources [76]. A. Akbari et al addressed the challenges
associated with the UHF PD monitoring method [77].

A. M. Ishak et al. have designed Ultra high frequency (UHF) sensor using FDTD simulation
tool is demonstrated and its performance is tested [80]. J. Lopez Roldan et al. made a
comparison of various broadband antennas such as different shaped monopole, spiral, and
loop antennas are used as UHF sensors for PD detection in power transformer [81]. C.
Zachariades et al. designed a dual slot barrier sensor [82] for PD detection in gas insulated

substation apparatus and working from 1 GHz to 2.6 GHz frequency range.

Several antennas are used for wideband performances such as bow tie antennas, Vivaldi
antennas and Archimedean spiral antennas. W. U. Qiuuen et al. analyzed the performance of
Archimedean antenna for different types of PD defects [83]. Bow tie antennas are non-planar
structures whereas spiral and Vivaldi antennas are planar structure but all these antennas are
not compact. The feeding is also very complex for these antennas as balun is required which
further increases cost and complexity during the integration of other components of the

system.
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W. Li et al. have designed Fractals such as Hilbert, stacked Hilbert, Sierpinski, and Koch
structures are used for miniaturization of these antennas [84-86]. However, the radiation
patterns of these antennas have to be oriented for proper measurement of the PDs. Printed log
periodic dipole antenna exhibits broad bandwidth characteristics with compact dimensions.
As the antenna is in planar form, its integration with other circuit components is easy. Since
these antennas are specifically used for PD measurements they have to be small, compact and

provide end-fire radiation for proper measurement of PD faults in the transformers [87-88].

H. Naomi et al. designed a thirty element log periodic dipole array (LPDA) type optical
electric field sensor (OEFS) for computing the electromagnetic field interferences which
operates in the frequency range of 1.8 to 6 GHz [89]. The antenna provides a fractional
bandwidth (FBW) of 107.69% with the dimensions of 1.39140x 0.91X x 0.195X, (L X W x H)
and A is the wavelength at center frequency. Though the sensitivity of the OEFS sensor is
highly desirable and minimum detectable electric field strength at 2 GHz is 70 pV/m at 1
MHz resolution bandwidth, however the complexity of the antenna increases with the use of
LiNbO;3 optical waveguide and the antenna also uses high dielectric constant substrate which
results in feeding line losses.

X. H. Zhen et al demonstrated a low profile log periodic monopole array consists of 15
monopole hats of elliptical shape is designed which operates from 1.5 - 6.8 GHz frequency
range [90]. The antenna which provides a fractional bandwidth of 127.7% and occupying a
size of (5.812 x 5.814 x 0.003220), however, the structure is complex as it contains top hat
monopole in a multi-layer printed circuit board configuration.

L. Xiuyuan et al. designed a miniaturized log periodic dipole array antenna with
complementary split ring resonators consisting of eighteen dipoles working from 0.4 - 1.8
GHz frequency range (1.35h x 1.149x 0.008X0) with 127.3 % FBW and the size is large [91].
A.Mirkamali et al. designed a reconfigurable printed log periodic dipole array (RPLPDA)
antenna consisting of eight dipoles on FR4 substrate and the diverse frequency bands over a
wide frequency range can be yielded by switching the eight printed dipoles. The RPLPDA
covers frequency range of 0.75 - 2.7 GHz within size of (1.0934 x 0.8634 x 0.0092),) with
113% FBW [92].

C.Zachariades et al. developed a wideband spiral shaped coupler consists of tuning nodules

for detection of PD’s [93]. The UHF coupler size is (1.033% x 1.0334p x 0.0155X) with

135.5% FBW and working from 0.5 - 2.6 GHz frequency range with peak gain of 4.8 dBi.

Though, the FBW is good, the antenna is not compact, moreover the gain for the antenna

21



Chapter-2 Literature Review

falls at higher frequencies resulting in variation of measured PDs. The Archimedes Spiral
Antenna (ASA) is particularly designed for detection of PD in rotating machines [94]. The
ASA size is (0.842X x 0.842X0 x 0.008%0) with 120% FBW and from 0.5-2 GHz bandwidth
with simulated gain of -11 to 3 dBi.

X. Han et al. demonstrated an integrated sensor is fabricated by placing a fluorescent fiber
optic on the disc UHF sensor top surface for GIS application [95]. The sensor size is (0.54 X
0.5 x 0.00610) with 100% FBW and operates from 0.5 - 1.5 GHz with sensitivity of 8 mm.
Y.Qi et al. designed an ultra-wideband Metal Mountable Antenna (MMA) for PD detection
in contaminated insulator [96]. The MMA size is (1.5984 x 1.37X0 x 0.05)g) with 152.94%
FBW and works from 0.4 - 3 GHz bandwidth exhibiting a gain from -5.2 to -10.5 dBi.
G.V.R.Xavier et al. illustrated a circular printed monopole antenna is designed for PD
detection in oil cell [97]. The antenna size is (0.949 x 0.9%0 x 0.013X¢) with 130% FBW and
operates over 0.3 - 1.5 GHz with S11 less than -10 dB. The simulated gain of the antenna is -
1to 5 dBi.

Compact LPDA have been designed by J.X.Chen et al., C. Lei et al., K.Anim et al., W.Jia et
al., K.K.Mistry et al., loading single & double T-shaped structures, dielectric loading with
sinusoidal curves, dual band dipole and radial stubs [98-102]. However, FBW and frequency
range of these antennas are not sufficient for PD measurements. The effect of transformer
tank on the PD measurements is experimentally validated and their accurate simulation
models are presented in [103, 104]. The PD acquisition depends on antenna frequency
response, tank enclosure resonance modes, and frequency content distribution of PDs [103].
The amplitude and cumulative energy of EM waves are accurately modeled using CST
simulations and experimentally validated. It is concluded from the results that attenuation is
greater and energy ratio is less at higher frequencies [104].

2.7 Summary

In this chapter, an exhaustive literature survey has been provided. It revealed that
degradation of insulation in the transformer imparting to its failure. The distinct types of
incipient defects, particularly leading to PD in the transformers have been presented in this
thesis and different PD monitoring techniques have been explained. The standard IEC 62478
High Voltage test techniques- measurement of partial discharges by electromagnetic and

acoustic methods may be framed in the coming years. The emphasis of this thesis is to

22



Chapter-2 Literature Review

elaborate metaheuristic algorithms for localization of PD source in power transformer
adopting non- invasive techniques. Distinct metaheuristic algorithms have been emerged

within this layout and they have been explained from chapter 3 to chapter 5.
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CHAPTER 3

ACOUSTIC SENSOR BASED PD SOURCE LOCALIZATION
IN POWER TRANSFORMER USING BAT ALGORITHM

3.1 Introduction

PD initiates acoustic waves which propagate within transformer tank surface. Acoustic
sensors are placed on the outside of the transformer tank wall to capture these acoustic waves
that propagates from the PD source. This acoustic method has several merits over direct
electrical method because they are non-contact, non-interference prone and ease of
installation. The Time Difference of Arrival (TDOA) method is popularly gained for accurate
localization of PD source. In the present work, the above method makes use of arrival time
differences of AE signals with respect to reference sensor to other sensors there by PD source

is determined.

The classic or conventional optimization algorithms are deterministic. A few deterministic
optimization algorithms utilize step by step procedure in their search process known as
gradient based algorithms. Moreover, if there is little discontinuous in the objective function,
these gradient based algorithms cannot work well. Owing to that, non-gradient based
algorithms are desired. Non- gradient or gradient free based algorithms generally called
stochastic algorithms which employ objective functions for solving the real time engineering

problems.

These stochastic algorithms are categorized into two types i.e. heuristic and metaheuristic,
however their dissimilarity is negligible. For a tough optimization problem obtaining good
quality solutions in a realistic time, yet there is no assurance that they have attained optimal
solutions. It can be demanded that these heuristic algorithms work often still not always. To a
greater extent development of heuristic algorithms are termed as metaheuristic algorithms
[72]. These stochastic algorithms use the combination of both randomization and local search
features as metaheuristic. Randomization imparts a good way to pull from local search to
global search. Thus, relatively all metaheuristic algorithms swing to be apt for global
optimization. In view of above, the bat algorithm has been adopted in this chapter for

improving the accuracy of PD source localization.
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3.2 Acoustic Emission Localization Concept and Its Mathematical Model

A Partial discharge develops in a localized, closely instantaneous release of energy. A tiny
part of released energy heats the material besides to the PD and can vaporize some of it,
developing a small or micro discharge. The discharge behaves as a source point of AE
Pressure waves. When PD happens, the resultant acoustic signal can extend the piezo electric
sensors placed on the outside wall of the transformer tank along different ways. These ways
can be classified to direct and indirect ways. In the direct way, the AE signal travels easy way
to extend the sensor on the outside wall. In the indirect propagation path, the AE signal
arrives at the internal wall and then extends the sensor through the tank wall. The direct way
of AE wave is a compression wave and the indirect way of AE wave is a shear wave.
However, liquids like transformer oil will carry compression waves only. The direct wave

amplitude is more compared to indirect wave.

In the acoustic PD source localization approaches, AE sensors capture acoustic signals at
specific time of arrivals. Usually the sensors time of arrivals are of difference between two
sensors. Based on the difference of timing method, the ultrasonic localization methods can be
classified into the absolute time method (ATM), time difference of arrival method (TDOA)
and pseudo time method (PTM). By virtue of the TDOA, without considering concrete arrival
time of AE signals reaching specific sensors, is approved extensively and the potency of

positioning is comparatively effective. Hence, the TDOA method is studied in detail here.

The Figure. 3.1shows a schematic visualizing the PD source and positions of sensors placed
on the transformer tank. The chosen space position system is fixed by taking one of the
bottom areas of the transformer tank as the origin O (0, 0, 0) for the determination of forming
the tank is positioned in the positive and first quadrant. As shown in Figure.3.1, the PD
source is detected at P(X,y,z) and the sensors positions are S;(X1,Y1,21), Sa(X2,¥2.Z2),

S3(X3,Y3,23) and Sn(Xn,Yn,Zn)-
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Figure 3.1 Schematic visualizing the sensors placed on the transformer tank

The sensor S; is selected as the reference sensor to activate the further sensors and t,,; =

T,, — T;Shows the time difference of acquiring AE signal between sensor n and sensor 1.

The set of ‘n” equations describing the position of sensors and acoustic PD source are given
by Eqgn (3.1)

(= %)%+ (7 = y1)? + (2 — 21)% = (0,T})? \

(X = %)2 + (7 = ¥2)2 + (2 = 2)? = {Wa(Tp + 12} |

(x —x3)*+ (¥ —¥3)2 + (2 — 23)* = {0 (T, + 131)}° } (3.1)
|
)

(x— xn)z + (- Yn)z +(z - Zn)z = {Ua(Tp + Tnl)}z

Where v, is the acoustic wave velocity. The Eqn (3.1) can be illustrated shortly as

fy,2,v0) = {((x —x2)* + = y)* + (2 = 2) Y/ ? = {(x —x)* + ( —y1)* + (2 -

21)2}1/2 —v(t—1,) =0 (32)

The above equation (3.2) is complex combinatorial equation and yielding solution of it is not
very easy, so only the best solution can be obtained. To estimate the PD source correctly, the

mathematical representation of the ultrasonic localization methods based on the TDOA can

be expressed as a constrained optimization problem as shown in Eqn (3.3)
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min{ Dy (x,,2,v)} = Lp={[(x — %) + ( = yu)* + (2 - Zn)z]% —[(x—x)*+ (v -
Y1)+ (2= 21)°]F — v (t — 1)}
Subject to

0 <x, < Xpmax
0 <¥n < Ymax
0< Zn < Zmax
1200 < v, < 1500(m/s)}

(3.3)

where Xmax, Ymaxr Zmax@nd v, are the length, width and height of the transformer tank and
acoustic wave velocity, respectively. Due to the difficulty of the travelling paths of the
acoustic waves in transformers, some factors such as temperature and pressure relies on
acoustic wave velocity; normally, the acoustic wave velocity is taken as a constraint in the
experimental approaches; examining like this the locating accuracy can be enhanced to a

certain value.

Normally, the best solution of Egs. (3.3) is attained by the LS method, although it has local
minima problem and falls into the local convergence because it is a single searching route,
which the actual PD source cannot be positioned precisely and the initial guess value should
be known; so the efficacy of localization method is not accurate. Then some intelligent
(random search) algorithms are better.

3.3 Implementation of Bat algorithm for AE PD source Localization

For single objective global optimization problems, if the functions are very nonlinear, it is
great difficult to obtain global best. In general, real-world optimization problems involve
certain level of uncertainty. Metaheuristic algorithms are starting to evolve as a key player for
global optimization; they repeatedly mimetic the efficient features in nature, particularly
biological systems. Many new algorithms are exploring for broad range of applications.

This chapter presents a metaheuristic bat search (real coded) algorithm for localization of AE
PD source. Initial studies reveal that it is extremely optimistic and could perform effectively
than existing algorithms. The BA results are tested with LS and PSO& other intelligent

algorithms and shown to be effective.
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3.3.1 Bat algorithm

The basic three steps involved for single objective optimization bat algorithm are presented
here.

1. All bats avail echolocation to recognize distance, and they also ‘know’ the difference
between food/prey and circumstances in some unique way;

2. Bats move randomly with velocity u; at position x; with a frequency Qmin, With
fluctuating wavelength w and loudness A to search for prey. They can automatically
tune the wavelength (or frequency) of their emitted pulses and tune the pulse emission
rate re [0, 1], based on the proximity of their target;

3. But the loudness can differ in multiple ways; the loudness fluctuates from a large
(positive) Ao to a small constant value Amin. Normally  frequency f is chosen in the
range of [Qmin, Qmax] Matching to the wavelength range of [Wmin, Wmax]. FOr example,
frequency in the range of [20 kHz, 500 kHz] matches to wavelengths of range of 0.7—
17 mm. The ranges can be freely selected to outfit different applications.

3.3.2 Bat motion
Bat position x; and velocity u; in a D-dimensional search space at a time step ‘t” are
upgraded using (3.4) — (3.6).

Qi = Qmin + (Qmax — Cmin) B (3.4)
uf =ui (T =2 (3.5)
xf=xt"+uf (3.6)

Where B € [0, 1] is a random vector drawn from a uniform distribution. Here ‘x’ is the current
global best location (solution) which is located after comparing all the solutions among all the
‘n’ bats at each iteration ‘i’. As the product wW;Qj velocity increment, we can use Q; (or w;) to
tune the velocity change while fixing the other factor w; (or Q;), based on the interest of
problem type. In this work Qmin= 0 and Qmax= 0.15 are used. At first, each bat is randomly set
a frequency which is drawn equally from [Qmin, Qmax]-
For the local search part, once a solution is chosen from among the current best solutions, a
new solution for each bat is produced locally using random walk using Eqn (3.7)

xt*t = x* + (0.01 X rand) (3.7)
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The velocities and positions of bats up gradation have some similarity to the procedure in
the standard particle swarm optimization, as Q; necessarily checks the pace and range of the
movement of the swarming particles. To a degree, BA can be considered as a balanced
combination of the standard particle swarm optimization and the rigorous local search

checked by the loudness and pulse emission rate.

3.3.3 Loudness and Pulse emission

Moreover, the loudness A; and the pulse emission rate r; have to be upgraded accordingly as
the iterations begin. If bat has found its prey then loudness reduces, whereas the pulse
emission rate increases, the loudness can be selected as any value of ease. For simplicity,

we can also use A, = 1 and Anmin =0, assuming Anin = 0 means that a bat has just found the
prey and temporarily stop emitting any sound. Where and { and v are constants.
A=A vt = 1rP[1 — exp(—yt)] (3.8)

ForanyO0<{<1andy >0, and in the simplest case use {= y=1, and in our simulations

{=y=0.9.

A5 0,rf>1rlast > o (3.9)

If we replace the variations of frequency ‘Q;’ by a random parameter and A = 0, rj = 1, then
Bat algorithm becomes standard PSO. Similarly, if we do not use the velocities, and for
fixed loudness and rate values, the Bat algorithm reduces to a simple harmony search
algorithm. Bat algorithm is very promising for solving nonlinear global optimization

problems. The flowchart of Bat Algorithm is shown in Fig 3.2.

Table 3.1 Parameters of PSO Algorithm

Parameter name Assigned Value
Population of Swarm Size 50
Maximum number of generations 200
Ci 2
C, 2
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Table 3.2 Parameters of Bat Algorithm

Parameter name Assigned value
Population of Bat Size 20
Maximum number of generations 100

Loudness 0.2
Pulse emission rate 0.6

3.3.4 Pseudo code of Bat Algorithm

1. Assign the bat population x; y; zi(i=1,2,3.4,.....n) and velocity u;

Assign frequencies Q;,Pulse emission rate r; and loudness A

2. lteration begins

for i =1 to iter_max(maximum number of iterations)

3. Produce new solutions by tuning frequency
and upgrading velocities and solutions using Eqns (3.4-3.6)
Choose a solution among the global solutions
if (rand > ;)

Produce a local solution near the selected global solution

end //if
Assess new solutions
if(rand < A; & & f(x) <f(x))
Acquire the new solutions
Increase r; and decrease A;
end // if
Rank the bats and identify the current global x Y 2~

end // for maximum number of iterations
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I Start |

Generate random population for PD source location & acoustic velocity
and bat parameters i.e. Q; u;X; 1; A;

v

Generate new solutions by adjusting Qi,, ui,and X, using Eqns(3.4 - 3.6)

I

Evaluate all the individual fitness values using the objective function
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Figure 3.2 Flow chart of bat algorithm for PD source localization in power transformer
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3.4 Results and Discussion

3.4.1 Laboratory data Case Study

The laboratory experimental setup and related data is taken from [42] is adopted for BA
based AE partial discharge source localization .The simulation experiments were set up on
steel oil tank size of 1000 mm x 800 mm x 1200 mm and 4 acoustic sensors were placed on
the tank outer wall by magnets. The discharge source position was fixed for every
measurement. By moving the pin-plate electrode, they got different discharge position,
measured time-differences for four times to each PD point. The sensors are located at
S$1(800,820,0), S,(1000,420,346), S3(345,782,800) and S4(0,468,386); the time differences

of each trail is given in the Table 3.3.

For validation of proposed method with the existing literature, the laboratory experimental
data i.e. actual PD Source location, time delays from [37] are adopted and analyzed. The PD
Source location results using proposed method and available literature results are shown in
the table 3.3. From the table 3.3,PSO locates the PD Source within 13.67 to
31.45mm,whereas the Proposed BA locates within 12.24 to 24.74 mm for trail 1 and for
trail 2, PSO locates the PD Source within 12.17 to 21.66mm,whereas the Proposed BA
locates within 3.93 to 10.29 mm and for trail 3, PSO locates the PD Source within 13.19 to
19mm,whereas the Proposed BA locates within 9.22 to 14.76 mm and for Table 3.4 shows
that proposed method locates the PD Source within overall location error maximum of
24.74 mm and minimum of 3.93mm for laboratory data case . From the table 3.3, it is noted
that the PD location error decreases for accurate time delay measurements from the sensors
and increases for inaccurate time delay measurements from the sensors and also noticed that
the proposed algorithm gives minimum PD location error compared with PSO and LSE
methods. Table 3.4 shows that for trail 1, PSO locates the PD Source within 9-26 mm of
maximum deviation whereas BA locates the PD Source within 10-24 mm and for trail 2,
PSO locates the PD Source within 12-16 mm of maximum deviation whereas BA locates
the PD Source within 3-9 mm and for trail 3 PSO locates the PD Source within 12-17 mm
of maximum deviation whereas BA locates the PD Source within 9-13 mm. Table 3.4
shows that proposed method locates the PD Source within overall maximum deviation of
highest value 24 mm and lowest value of 3mm for laboratory data case, which can be
allowed negligible for distances of practical interest.
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Table 3.3 PD Source Location Error results and comparison among different algorithms for laboratory data case study

- Error of
PD Location .
Actual PD Time results of LS PD Location PD Location Error of LS Error of PSO
Coordinates Differences results of PSO results of Bat Bat
S. No (mm) (mm) (mm) (mm) )
mm
(mm) (Ms) (mm)
[37] [37] [37] [37]
1-1 (25,-228,-127) (529,590,501) (384,719,492) (381,706,488) 176.04 20.01 12.68
1-2 (27, -210,-131) | (661,1012,672) (379,712,516) (398,700,466) 450.37 31.45 24.74
(392,700,490)
1-3 (23, -225,-126) (682,793,872) (383,691,495) (387,698,479) 488.54 13.67 12.24
1-4 (27, -230,-130) (485,936,647) (380,701,483) (387,710,483) 298.31 13.93 13.17
2-1 (37, -61,32) (694,918,491) (512,716,421) (502,704,411) 296.55 19.52 9
2-2 (36, -65,30) (625,625,275) (520,715,422) (509,703,411) 192.54 21.66 3.93
(510,700,410)
2-3 (40, -58,34) (650,768,515) (513,703,424) (512,703,403) 187.75 14.63 7.87
2-4 (38, -64,29) (646,895,585) (510,712,412) (513,696,401) 295.21 12.17 10.29
3-1 (-174,-106,179) | (952,1112,763) (877,706,707) (890,700,703) 424.07 19.00 14.76
3-2 (-175,-112,182) | (968,1027,592) (882,708,702) (882,689,690) 351.79 14.45 11.04
(883,700,690)
3-3 (-182,-95,191) (799,582,833) (881,701,703) (879,709,684) 203.54 13.19 11.54
3-4 (-162,-106,187) (785,592,796) (895,706,693) (883,702,681) 180.29 13.75 9.22
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Table 3.4 Maximum deviation error and relative error results comparison among different

algorithms for laboratory data case study

Maximum Maximum Relative Relative | Relative

Deviation of LS | Deviation of Maximum Error of Error of | Error of
S.No (mm) PSO (mm) Deviation of LS PSO Bat

Bat (mm)

[37] [37] (%) (%) (%)
1-1 200 19 11 10.03 1.14 0.722
1-2 312 26 24 25.66 1.79 1.41
1-3 382 9 11 27.84 0.78 0.697
1-4 236 12 10 16.99 0.79 0.75
2-1 218 16 8 16.89 1.11 0.51
2-2 135 15 3 10.97 1.23 0.22
2-3 140 14 7 10.69 0.83 0.45
2-4 195 12 9 16.82 0.69 0.586
3-1 412 17 13 24.16 1.08 0.841
3-2 327 12 11 20.05 0.82 0.629
3-3 143 13 9 11.59 0.75 0.657
3-4 108 12 9 10.27 0.78 0.525

From the table 3.4, it is noted that the maximum deviation of PD source decreases for
accurate time delay measurements from the sensors and increases for inaccurate time delay
measurements from the sensors. From the figures 3.3-3.5, the maximum deviation error
comparison for all the three trails with different algorithms. It can also be noticed that
proposed method locates the PD source much better when compared with the available

literature results.
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Figure 3.5 Comparison of PD source coordinates maximum deviation error among

literature with proposed bat algorithm for trail 3 laboratory measurements
3.4.2 Field data Case Study

The field experimental data of the power supply company from [44] is taken for this case
study and five acoustic sensors are placed on the transformer tank wall. The transformer tank
size is 5000mm x3000mm x 4000mm, and the actual PD source is at P (4500,2600,3700); the
S1(2500,0,2000),  S»(2500,1500,4000), S3(5000,1500,2000),
S4(2500,3000,2000) and Ss(0,1500,2000);the t= 2600us is selected as the reference time, (us)
and the respective sensors time delays are1600, 1500, 1900, 3524.69 ps.

sensors  positions  are

Table 3.5 Comparison of PD Source Location results among available literature with
proposed method

Coordi- | Actual PD PD PD PD PD PD
nates PD Location Location | Location | Location | Location | Location
source results of results of | results of | results of | results of | results of
(mm) PSO SA Linear | GA QGA Bat
(mm) PSO [42]
[42] [42] [44] [44]
X 4500 4383.32 4387.78 4382.14 | 4223.76 | 4394.77 4402
Y 2600 2470.53 2470.01 2469.99 | 2391.71 | 2475.98 2577
Z 3700 3649.16 3666.64 3648.11 | 3503.04 | 3656.17 3689
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Table 3.6 Comparison of Location and Maximum Deviation error results among available
literature with proposed method

Linear PSO SA GA QGA BAT
Error PS0 [42] [42] | [44] | [44]
[42]
Location error (mm) 182.99 18155 | 174.94 | 398.10 | 168.45 | 101.26
Maximum Deviation (mm) 130.01 129.47 | 129.99 | 276.24 | 124.02 88
Relative Error (%) 2.59 2.57 2.47 5.63 2.38 1.43

Maximum deviation Deviation,,,, 0Of coordinates can be estimated by

Xactual — Xcalculated
Deviation,,,, =3{Yactual — Ycalculated

Zactual ~ Zcalculated / may

Where  Xgceuar are actual coordinates;x quiated:

Yactual Zactual Ycalculated:

Zcalculatea @r€ calculated coordinates.

LocationError
—) * 100

Relative Error can be calculated as( ,
TankDiagonal

Tank Diagonal is \/x? + y?2 + z?where x is length, y is width, z is height of the transformer

tank in mm.

300
£ 20
S 200
2 150
a)
100 -
=
B
& 0-
2 LinearPSO  PSO SA GA QGA BAT
Different algorithms

Figure 3.6. Comparison of PD source coordinates maximum deviation error among
literature with proposed bat algorithm for field measurements
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The performance of proposed method with the existing literature, the field experimental data
i.e. actual PD Source location, time delays, PD Source location results from [42] are taken
and analyzed. The PD Source location results using proposed method and available literature
results are shown in table. Table3.5 shows that proposed method locates the PD Source
within location error of 101.26mm and it is noted that the PD location error decreases for
proposed algorithm and increases for linear PSO, PSO, SA, GA and QGA algorithms of
available literature. Table 3.6 shows that proposed method locates the PD Source within
maximum deviation of 88 mm, which can be allowed negligible for distances of practical
interest and it is noted that the maximum deviation of PD source decreases for proposed
algorithm and increases for linear PSO, PSO, SA, GA and QGA algorithms of available
literature. Figure 3.6 shows the maximum deviation error comparison for five sensor time
delay measurements with different algorithms. The proposed BA method has less relative
error that is obtained with reference to the tank diagonal (Diwnk =7071.07 mm) when

compared with other methods.

Table 3.7 Comparison of PD Location results (4 sensors) among available literature with
proposed method

—— Coordinates (mm)
Combinations Number X y, Z
1 4490.5 2544 .4 3601
2 4449.1 2558.8 3744.8
3 4356.5 2394.5 3541.2
4 4375.2 2452.3 3510.2
5 4421 2510 3756

Table 3.8 Comparison of Error analysis (4 sensors) among available literature with proposed
method

Errors Analysis
Combinations | Location | Maximum Relative Error
number Error Deviation (%E)
(mm) (mm)
1 113.94 99 1.61
2 79.34 50.9 1.12
3 296.71 205.5 4.19
4 270.95 189.8 3.83
5 132.20 90 1.87

Table 3.7 shows the PD location results of the optimized sensors (i e., 5 combinations of four

sensors i.e. 5¢4 Which is similar to above 5 sensors as shown in table 3.5) using bat algorithm.
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The second combination outperforms among other combinations as shown in the Table 3.8.
The error analysis is analyzed in the Table 3.8. The second combination locates the PD
source within 79.84 mm location error, 50.9 mm maximum deviation error and 1.244%

relative error.

It is also found that the proposed method locates the PD source much better for both
laboratory and field experimental data when compared with the available literature results.
Therefore, the proposed method possesses its ability to locate the source with outmost
relatively high accuracy in single step of calculation. The Proposed BA gives small location
error and maximum deviation error with less execution time when compared to other

methods.

3.5 Summary

A metaheuristic-based bat algorithm for AE PD source localization is proposed in this
chapter. The proposed bat algorithm is tested for laboratory experimental data as well as field
data and it yields superior results compared with existing resolutions from the literature. The
accuracy of the results can be better to be of practical interest. When compared to
conventional iterative methods and some intelligent optimization methods, this method gives
the best global optimal location. It is proved that the proposed method will make easy to the

AE PD source location.
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CHAPTER 4

Location of PD source utilizing Acoustic Signals in Power
transformer by fuzzy adaptive particle swarm optimization

4.1 Introduction

The conventional methods i.e. iterative and non-iterative methods take more computation
and time to produce the better results and the iterative method depends on correct starting
guess values. The optimization algorithms also take large number of population and iterations
for getting better results. Hence, hybridization of optimization method with other methods
may enhance the search space to balance the overall exploration and exploitation ability,
convergence speed, and ability of searching global optimum, less computation time and better
results when compared to conventional and optimization methods. PSO is one of the most
widely used evolutionary algorithms in hybrid methods due to its simplicity. Some works
reported in the literature which has been controlling either inertia weight or acceleration
parameters of PSO methods targeted to reduce the trapping probability of local minimum. In
view of above, the FAPSO has been adopted in this chapter for improving the accuracy of PD

source localization.

4.2 Formulation of PD Source Localization Problem

The PD source and the sensor positions placement on the transformer tank is shown in
the Figure 4.1. The P(x, y, z) is estimated PD source and the sensors positions are Sy (Xa, Ya,
Za), S2 (Xp, Vb, Zb), Sz (X, Yo, Zc) and so on S, (Xn, Y, Zn). The sensor S; is considered as the
reference sensor to activate the further sensors. In Eqn 4.1, (X, Y, z) is the PD source position,
S1 (Xa, Ya, Za) IS the first sensor fixed position on the transformer tank. In Eqn 4.2, (X, Y, z) is
the PD source position, Sz (Xu, Vb, Zb) IS the second sensor fixed position on the transformer
tank, 1,1 is the time difference between sensor, and sensor;. In Egn 4.3, (X, Y, z) is the PD
source position, Sz (Xc, Ye, Zc) is the third sensor fixed position on the transformer tank, t3; IS
the time difference between sensor; and sensor;. In Eqn 4.4, (X, y, z) is the PD source
position, Sy (Xg, Yd, Zq) is the fourth sensor fixed position on the transformer tank, t4; IS the
time difference between sensor4 and sensor;. In Egn 4.5, (X, y, z) is the PD source position,

S5 (Xe, Ve, Ze) IS the fifth sensor fixed position on the transformer tank, ts; iS the time
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difference between sensors and sensor;. In Eqn 4.6, min {Ds (X, Y, Z, Va)} IS minimization
objective function with constraints length(min< x< max) mm, width (min< y<max) mm,

height (min<z<max) mm and acoustic velocity (1200< v, <1500) m/s of the transformer tank

considered.
A
z
S
4
/
P
sS4
S S2
Tx X
VEe
s

X

Figure 4.1 PD source and the sensors placement on the transformer tank.

4.2.1 Objective function
The aim of this localization of PD source is to minimize the location error.

g = \/(x - xa)z + (y - ya)z + (Z - Za)z (41)

P=yx—x)2+ @ —y)+ (@ —2,)>—8—VTn  (4.2)

q= \/(x =X )P+ (V=Y )P+ (2= 20)% — 8~ VaTs (43)

r=y@x—x)?+ 0 -ya)?+ (@2 —22)? — 8~ vaTar  (4.4)

S = \/(x - xe)2 + (y - ye)2 + (Z - Ze)2 — 8~ VaTsq (45)

min{Ds(x,y,2,v,)} = p?+q*>+71?+s? (4.6)

4.3 Proposed Method

PSO is based on the evolution of birds flocking closely to swarming intelligence and it was
proposed by Kennedy and Eberhart in 1995.This approach includes in such a way that at each
iteration, upgrading the velocity and position of every particle move in the direction of its
Ppest pOsition based on memory and gpest position based on information of Eqns. (4.7&4.8)

respectively.
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UI€+1 = WU,i + Clrandl(pbest - xli) + Czrandz(gbest - xlft) (4'7)

xptt=xb +vitt (4.8)

! is the new

In Eqn 4.7, w is the inertia weight, v ' is the current particle velocity, v, ™
velocity vector, t is the iteration count, c;& ¢, are learning parameters, rand;& rand, are
random numbers, Prest & Grest are local best solution & global best solution, x' is the current
particle solution. In Eqn 4.8, x** is new position vector, x' is the current particle position

vector, V'™ tis the new velocity vector.

Normally, PSO velocity contains three segments i.e. the momentum segment, the cognitive
learning segment and the social learning segment. The PSO performance is improved by the
equilibrium among these segments i.e., which controls the local and global searching
abilities. In PSO, the inertia weight is utilized to balance the global and local searching
abilities. A huge inertia weight accelerates a global search while a little inertia weight
accelerates a local search. The searching abilities will be dynamically improved by tuning the
inertia weight effectively.

The searching procedure of PSO is a non-linear and difficult approach. The sequential or
straight-line declining inertia weight process has a linear progression capability from global
to local search and not shown the effective searching process for obtaining the optimum
solution. Hence, the inertia weight should be changed nonlinearly and dynamically for
improvement in the performance and equilibrium between global and local searching
abilities. The demanding representation of mathematically adjusting the inertia weight
dynamically without having the knowledge on searching process. Conveniently with some
ideas of PSO searching procedure is assembled & linguistic relation of the searching
procedure for localization of PD source is attainable. This idea & linguistic relation
formulates a fuzzy interference system for adjustment of PSO inertia weight dynamically to
solve the localization of PD source problem. The remaining part of this paper explains
modeling a fuzzy system and adapting inertia weight effectively for localization of PD source
problem. The simple IF- THEN fuzzy rules in Table 4.1 and Eqgns. (4.9 — 4.12) are utilized
for the proposed methods i.e., FAPSO-I consists of 49 fuzzy rules listed in Table 4.1 and
FAPSO consist of 9 fuzzy rules listed in Table 4.2.
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Table 4.1. Simple IF-THEN Rules for FAPSO-I

Rule Antecedent | Consequent
Number

NFV | W AW
1 NL NL NL
2 NM NL NL
3 NS NL NL
4 4 NL NL
5 PS NL NM
6 PM NL NS
7 PL NL A
8 NL NM NL
9 NM | NM NL
10 NS NM NL
11 Z NM NM
12 PS NM NS
13 PM NM Z
14 PL NM PS
15 NL NS NL
16 NM NS NL
17 NS NS NM
18 VA NS NS
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19 PS NS 4

20 PM NS PS
21 PL NS PM
22 NL 4 NL
23 NM Y4 NM
24 NS z NS
25 z 4 4

26 PS Y4 PS
27 PM 4 PM
28 PL Y4 PL
29 NL PS NM
30 NM PS NS
31 NS PS 4

32 4 PS PS
33 PS PS PM
34 PM PS PL
35 PL PS PL
36 NL PM NS
37 NM | PM 4

38 NS PM PS
39 Z PM PM
40 PS PM PL
41 PM | PM PL
42 PL PM PL
43 NL PL NL
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44 NM PL NM

45 NS PL NS

46 4 PL 4

47 PS PL PS

48 PM | PL PM

49 PL PL PL

Table 4.2 Rules of FAPSO
Rule Antecedent Consequent
Number
NFV W AW

1 S S z
2 S M N
3 S L N
4 M S P
5 M M Z
6 M L N
7 L S P
8 L M Z
9 L L N

In the Figures 4.2- 4.4, triangular membership functions are considered and they are
represented by seven linguistic elements (NL, NM, NS, Z, PS, PM and PH) for negative
large, negative medium, negative small, zero, positive small, positive medium and positive
high respectively are used for fuzzification of every input and output. The fuzzy logic block
diagram with two inputs and one output of FAPSO-I is shown in Figure 4.5. For FAPSO, the
triangular membership functions are considered and represented by three linguistic elements
(N, Z, P) for negative, zero and positive respectively for fuzzification of every input and
output. In this fuzzy logic system, fuzzification block converts crisp value to fuzzy value,

fuzzy interference engine has the capability of simulating human decision making based on
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fuzzy rules of inference in fuzzy logic and the defuzzifier block converts fuzzy value to crisp

value using centroid method.

nk
iI-NL NM NS Zz PS PM PL

\

0 01 0.2 0.35 0.5 0.65 038 1 NFV

Figure 4.2 Representation of Triangular Membership functions for Normalized Fitness Input

T
NL NM NS Z PS PM PL

o

0.4 05 06 0.7 08 09 1 W

Figure 4.3 Representation of Triangular Membership functions for Inertia weight Input

Ty |
4 NL NM NS Zz PS P PL

\/ \

-0.2 -0.1 -0.06 -0.03 O 0.03 0.06 0.1 AVV-'-

Figure 4.4 Representation of Triangular Membership functions for Change in Inertia weight
Output.
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Input Membership Fuzzy Rules

Function Rule 1-49
NL NM NS 7 PS PM PL
NFV
—p Defuzzifier
Fuzzy Centroid
Interference OQutput
> > Engine > —>

NL NM NS Z PS PM PL (Mamdani)

) ]

Output Membership
Function

Figure 4.5 Fuzzy Logic System with two inputs and one output of FAPSO-I

4.4 Formulation of Fuzzy system

A fuzzy rule design is developed using inertia weight of the PSO algorithm to get better
accuracy in the PD location results. The Fuzzy logic system contains three main segments
i.e., fuzzification, inference system and defuzzification. To find a good inertia weight in the
fuzzy domain, inputs of the fuzzy system are normalized fitness and the inertia weight while
the output is inertia weight. In order to establish a crisp mathematical model for the adaptive
PSO, it is very hard to actively modify the inertia weight parameters. Therefore, easily
understanding IF-THEN rules are appropriate to compute some portion of inertia weight

modification in the fuzzy adaptive PSO procedure to locate the PD source.

Normalized fitness: The current solution fitness is very crucial to guess the inertia weight for
the correct choice of the velocity. In general, normalized fitness lies in between 0 and 1 & it

is given by

— f gbest—f gbestold (4 9)

Fitnormaii
normaltise 10_fgbestold

In Eqn 4.9, fgpest is the global best fitness value for considered iterations and fgpestold 1S the old

global best fitness value for first iteration from Eqn 4.8.
Inertia Weight: Its value lies in between 0.4 and 1 for this problem.

Change in Inertia Weight: In this paper, its value is placed in between -0.1 and 0.1.
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IF-THEN Rules and Defuzzification: For FAPSO, forty nine rules are constructed using
seven linguistic values for every input element. The simple IF-THEN rules are shown in
Table 4.1.The arithmetic product operator is used as conjunction for the input and output
elements in the formulation of individual rules. For every rule, output element will be scaled

based on degree of membership (DOM).

4.5 Fuzzy Adaptive PSO Formulation

The velocity and position computations for the proposed fuzzy adaptive PSO are as follows

witt = wl + Awf (4.10)
vt = wi g + cirand; (Ppese — i) + corand; (gpese — Xi) (4.11)
xptt = xb +vit? (4.12)

In Eqn 4.10, w,'™ is the new adaptive weight, t is the iteration count, w' is the k™ particle
weight, Aw'y is the change in weight value. In Eqn 4.11, v,"** is the new velocity vector, v, is
the k™ particle velocity, t is the iteration count, w,*is the adaptive inertia weight, ¢, & c, are
learning parameters, rand;& rand, are random numbers, prest & Qpest are local best solution &
global best solution, x' is the current particle solution. In Eqn 4.12, x.*™* is new position

vector.

4.6 Results and Discussion:

The simulations are performed on the same experiment measurements data, but the
population size is reduced from 50 to 20 and total iterations are reduced from 200 to 100. The
simulation parameters of the FAPSO-1 and FAPSO for PD source location are swarm

population=20, maximum number of iterations=100, learning parameters C;, C2=2.

Location Error in mm can be determined by

\/(xactual - xcalculated)z + (yactual - ycalculated)2 + (Zactual - anllculated)2

Maximum deviation Deviation,,,, Of coordinates can be estimated by

Xactual — Xcalculated
Deviation,,,x =\Yactual — Ycalculated

Zactual — Zcalculated / max

Where Xactual, Yactual, Zactual 1S actual PD location and Xcaiculated, Yealculated, Zealculated 1S Calculated

PD location.
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. L tionkE
Relative Error can be calculated as(w) * 100

TankDiagonal

Tank Diagonal is \/x2? + y?2 + z2where x is length, y is width, z is height of the transformer

tank in mm.

4.6.1 Case study of field data
The onsite measurement data is collected from [42, 44] which is measured data on power

transformer. In Eqn. 4.6, five sensors are used in this case study and the Table 4.3 shows the
calculated PD location results. The actual PD Coordinates are (Xpp, Yep, Zpp) = (4500, 2600,
3700) mm. The final results for different algorithms are the best values of the PD location
solutions. Table 4.3 shows the comparison of final PD source solution obtained with
proposed FAPSO-I and FAPSO algorithms with five algorithms in the existing literature.
Table 4.4 shows the comparison of error analysis with proposed FAPSO-1 and FAPSO
algorithms with different methods in reported literature with reference to the tank diagonal
(Diank =7071.07 mm).

The location of PD Source results with the proposed methods and available literature are
shown in Table 4.3. The proposed methods FAPSO-I and FAPSO locate the PD Source
within 58.47&62.83mm of PD source location error and maximum deviation error of 45.1
and 58.3mm in Table 4.4. From the Table 4.4, it is observed that the maximum deviation
error and relative error of the proposed algorithm is insignificant when compared to other
methods in the available literature. The convergence characteristics comparison of FAPSO-I
and FAPSO algorithm for this case study is shown in figure 4.7, the FAPSO-I algorithm takes

less number of iterations to locate accurate PD source compared to FAPSO algorithm.
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Generate random population for PD source location, acoustic
velocity and position, velocity of swarm particles

nle

Evaluate all individual fitness values using obyective
function (4.6) bazed on best PD source location

4

Develop Fuzzy Eules for w, NFV and aw

T

d-IE Upegrade wi ™ Value usg (4,107

Upgrade v & x™ using (4.11) &(4.12)

!

"hether all PD locations
are within its limits

onvergence criterion
15 fulfilled or no

Figure 4.6 Flow chart of FAPSO-1 and FAPSO

Table 4.3 Comparison of field PD Location results with proposed methods and different
methods in available literature

Methods | Co- ordinates | X(mm) | Y(mm) Z(mm)
Actual Coordinates 4500 2600 3700.0
FAPSO-I 4465.9 25549 | 3714.9
FAPSO 4485.6 25417 | 37185
QGA [44] 4394.77 | 2475.98 | 3656.17
GA [44] 4223.76 | 2391.73 | 3503.04
SA [42] 4387.78 | 2470.01 | 3666.64
PSO [42] 4383.32 | 2470.53 | 3649.16
LPSO [42] 4382.14 | 2469.99 | 3648.11
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It is observed that the Proposed FAPSO-I gives minimum location error, maximum deviation
error and relative error with less execution time when compared to other methods. Figure4.8
shows the inertia weight variation for a randomly chosen length and the convergence

characteristic of the fuzzy adaptive PSO. The straight segment of the curve specifies that
there is no change in the weight tuning of PSO.

Table 4.4 Comparison of field data Error analysis of different methods in literature with
proposed methods

Errors Location Error Maximum Deviation Relative Error
Methods (mm) Error (mm) (%E)
FAPSO — I 58.47 45.1 0.83
FAPSO 62.83 58.3 0.89
QGA [44] 124.02 168.45 1.75
GA [44] 276.24 398.10 3.91
SA  [42] 129.99 174.94 1.84
PSO [42] 129.47 181.55 1.83
LPSO [42] 130.01 182.99 1.84
sxlcf
: [ ; ' 1 ' ==<FAPSD
mo : : : ' : —FAPSOH
ﬁ7|: : : N B
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Figure 4.7 Comparison of Convergence Characteristics of FAPSO-I and FAPSO methods for
field measurements
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Table 4.5 Comparison of Laboratory PD source location results among available literature

Inertia VWeight
=1
< <
T

Figure 4.8 Inertia weight adjustment of FAPSO-1 method.

10 | 3

4 50
Iterations

60

n Ll

Ll 100

methods
PD PD Location PD Location PD Location Location Location Location
source Actual PD PD Location results of PSO results of results of error of error of Error of Location
position Coordinates( results of LS (mm) [10] FAPSO (mm) | FAPSO-I (mm) LS (mm) PSO (mm) FAPSO Error of
mm) (mm) [10] FAPSO-I
[10] (mm)
No (mm)
1-1 (529,590,501) (384,719,492) | (383,698,487) | (388,702,489) 176.04 20.01 9.69 4.58
1-2 (661,1012,672) (379,712,516) | (394,694,486) | (386,704,488) 450.37 31.45 7.46 8.25
(392,700,490)
1-3 (682,793,872) (383,691,495) | (388,698,486) | (389,701,488) 488.54 13.67 6 3.74
1-4 (485,936,647) (380,701,483) | (389,697,485) | (389,702,487) 298.31 13.93 6.56 4.69
2-1 (694,918,491) (512,716,421) | (506,706,408) | (508,702,408) 296.55 19.52 7.48 3.46
2-2 (625,625,275) (520,715,422) (507,701,412) (509,701,409) 192.54 21.66 3.46 1.73
(510,700,410)
2-3 (650,768,515) (513,703,424) | (508,702,406) | (508,699,409) 187.75 14.63 4.89 2.45
2-4 (646,895,585) | (510,712,412) | (511,695,405) | (507,701,408) | 295.21 12.17 7.14 3.74
3-1 (952,1112,763) (877,706,707) | (887,701,693) | (880,698,688) 424.07 19.00 5.09 4.12
3-2 (968,1027,592) (882,708,702) | (880,695,688) | (881,697,686) 351.79 14.45 6.16 5.39
(883,700,690)
3-3 (799,582,833) (881,701,703) | (880,696,685) | (880,696,687) 203.54 13.19 7.07 5.83
3-4 (785,592,796) (895,706,693) | (882,700,684) | (881,702,691) 180.29 13.75 6.08 3
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4.6.2 Case Study of laboratory data

The laboratory experimental related data is taken from [37] for PD source localization. The
actual PD source position was fixed for four different time differences measured by moving
the pin-plate electrode for four times. The sensors are located at S;(800,820,0)
,52(1000,420,346),S3 (345,782,800) and S4(0,468,386).The Table 4.5 shows the comparison of
PD location and its error results with proposed methods and different methods published in

literature obtained for each setup (i.e. for each PD source and its TDOA measurements).

It is observed from the table 4.5, that the location error of PD source is lower for accurate time
delay measurements from the sensors and higher for inaccurate time delay measurements from
the sensors and also observed that the proposed algorithm gives minimum PD location error
compared with PSO and LS methods. It is observed from the table 4.6, that the PD source
maximum deviation error is significantly lower for accurate time delay measurements from the
sensors and higher for inaccurate time delay measurements from the sensors. It can also be
found that PD source location by proposed method is much better when compared with the
available literature results. It is also reveals that the PD source location by proposed method is
much better for both laboratory and field experimental data when compared with the available

literature results.

For validation of proposed method with the existing literature, the laboratory experimental
data i.e. actual PD Source location, time delays from [10] are adopted and analyzed. The PD
Source location results using proposed method and available literature results are shown in
the table 4.5. From the table 4.5, the Proposed FAPSO locates the PD Source within 6 to 9.69
mm, whereas the Proposed FAPSO-I locates within 3.74 to 8.25mm for trail 1 and for trail 2,
the Proposed FAPSO locates the PD Source within 3.46 to 7.48 mm, whereas the Proposed
FAPSO-I locates within 1.73 to 3.74 mm and for trail 3, the Proposed FAPSO locates the PD
Source within 5.09 to 7.07 mm, the Proposed FAPSO-I locates within 3 to 5.83 mm .Table
4.5 shows that proposed method FAPSO-I locates the PD Source within overall location error
maximum of 8.25 mm and minimum of 1.73 mm for laboratory data case. From the table 4.5,
it is noted that the PD location error decreases for accurate time delay measurements from the
sensors and increases for inaccurate time delay measurements from the sensors and also
noticed that the proposed algorithms FAPSO,FAPSO-I gives minimum PD location error
compared with PSO and LSE methods.
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Table 4.6. Error Analysis Comparison of Laboratory PD source among available literature
with proposed methods.

Actual . Maximum | Maximum | Maximum _ Relative | Relative _
SOI-:?CE I\DA:\)/(;;:;T Deviation | Deviation | Deviation | Relative Error Error Relative
osition Coordinates error of error of error of error of Error of of Error of
P No LS (mm) PSO FAPSO | FAPSO-I of pso | Fapso | FAPSO-
(mm) (mm) (mm) (mm) LS (%) (%) (%) I (%)
1-1 200 19 9 4 10.03 1.14 0.55 0.26
1-2 312 26 6 6 25.66 1.79 0.43 0.47
(392,700,490)
1-3 382 9 4 3 27.84 0.78 0.34 0.21
1-4 236 12 5 3 16.99 0.79 0.37 0.27
2-1 218 16 6 2 16.89 1.11 0.43 0.2
2-2 135 15 3 1 10.97 1.23 0.19 0.1
(510,700,410)
2-3 140 14 4 2 10.69 0.84 0.28 0.14
2-4 195 12 5 3 16.82 0.69 0.41 0.21
3-1 412 17 4 3 24.16 1.08 0.29 0.23
3-2 327 12 5 4 20.05 0.82 0.35 0.31
(883,700,690)
3-3 143 13 5 4 11.59 0.75 0.40 0.33
3-4 108 12 6 2 10.27 0.78 0.35 0.17

Table 4.6 shows FAPSO locates the PD Source within 4-9 mm of maximum deviation
whereas FAPSO-I locates the PD Source within 3-6 mm and for trail 2 FAPSO locates the
PD Source within 3-6 mm of maximum deviation whereas FAPSO-I locates the PD Source
within 1-3 mm and for trail 3 FAPSO locates the PD Source within 4-6 mm of maximum
deviation whereas FAPSO-I locates the PD Source within 2-4 mm. Table 4.6 shows that
proposed method locates the PD Source within overall maximum deviation of highest value
6mm and lowest value of 1 mm for laboratory data case ,which can be allowed negligible for
distances of practical interest. From the table 4.6, it is noted that the maximum deviation of
PD source decreases for accurate time delay measurements from the sensors and increases for
inaccurate time delay measurements from the sensors. The relative error of the LS method
varies from 10.03 -27.84% and for PSO method varies from 0.75 - 1.79% whereas for the
proposed methods FAPSO varies from 0.19 -0.55% & FAPSO-I varies from 0.1- 0.47%.
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4.7 Summary

In this paper, fuzzy adaptive PSO (FAPSO-I & FAPSQ) has proposed to obtain search
capabilities of the particles. The PSO result greatly influences on inertia weight (w) and
learning factors (c1&c) and it may trap into local premature convergence problem. To prevail
over this problem, inertia weight is tuned dynamically by using conditional IF -THEN
statements in order to obtain the global best solution. From the output results, it is noticed that
the proposed FAPSO-I method converge to global optimum solution owing to inertia weight
fuzzification. To analyze the fuzzy adaptive PSO correctly, the good choice of inertia weight
and learning factors results in such a way that all the particles tend to move in the direction of
global optimum location compared to PSO. Thus, the proposed FAPSO-I takes very less time
owing to inertia weight has been tuned dynamically using fuzzy rules. This FAPSO-I method
IS more superior in terms of minimum location error and maximum deviation error for the
accurate PD source localization in giving global best solution in comparison to FAPSO, LS,
PSO, SA, LPSO, QGA and GA. Finally, this proposed method has shown good
implementation and appropriate for localization of PD source and the output results of
proposed method when compared to other methods reported in the literature attained desired

better results.
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CHAPTER 5

DETECTION AND LOCALIZATION OF PD SOURCE
USING LOG PERIODIC DIPOLE ARRAY PRINTED
UHF SENSORS

5.1 Introduction

Partial discharge detection has been acknowledged as the diagnostic tool for degradation of
the insulation in power apparatus. Locating PD sources accurately not only helps to know the
insulation of that particular electrical apparatus but also secures the long term reliable
operation by eliminating potential faults occurring on them. UHF technique has gained more
importance because of its high sensitivity and good signal to noise ratio than acoustic

technique as explained in chapter 3 &4.

In this chapter, a seven element log periodic dipole array antenna is designed and validated.
The structure is modified by selectively optimizing the elements of the array and the dipoles
are shaped to provide additional capacitance which results in overall size reduction and flat
gain performance. The coupling capacitance between the dipoles improves low frequency
bandwidth and matching due to increase in electrical length of dipoles. The measured
fractional bandwidth for the antenna is 126 % in a compact area of 110 mm x 140 mm
(0.49500 x 0.632).

The PD Source Localization using narrow band and broad band LPDA UHF Sensors is
performed in the laboratory. The PD signals received by the four LPDA UHF Sensors are
then computed to yield the TDOA values. The first peak approach is utilized to determine the
TDOA values of each case. These nonlinear equations are solved using PSO algorithm for

every case.
5.2 Basic Principles for LPDA Antenna Design

The LPDA antenna is usually composed of a sequence of half wavelength dipole elements
lying along the boom length as shown in Figure 5.1. These dipole elements are distributed in
a planar array geometry at distances covering a logarithmic function of frequency. The basic

terms like return loss, voltage standing wave ratio, bandwidth, input impedance, radiation
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pattern, directivity and gain for any type of antenna or sensor are defined in the appendix[78]

and the basic design principles of the designed LPDA Antenna is followed from [79] .
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Figure 5.1 Schematic diagram of a generalized LPDA antenna

The lengths of consecutive dipole elements make a geometric progression with the common
ratio T < 1. t is called the scale factor. The spacing factor o is defined as the ratio of the

distance between close by elements to two times the longest dipole element length and is

constant for a given antenna. The ratio of dipole element height (h) to radius (a) is similar for

every dipole element in a particular LPDA antenna and will be designated by h/a. When the

LPDA antenna is working at a wavelength inside the design limits. i.e. 4hN <A <4hl. N is the
total number of dipole elements; a linearly polarized unidirectional beam is noticed along the
lower elements. The n™ dipole element half wavelength is hn and the longest dipole element

half wavelength is ha.

The fluctuation in operation over a log span is nominal thereby frequency independent
functioning results in most of the cases. The infinite structure of the LPDA antenna can be
approximated by the truncated active region of the LPDA. The total number of dipole
elements connected to the feeder is termed as active region. The information of active region

width is essential in the designing of LPDA antenna to consider a specific bandwidth. The
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longest dipole element length determines the lower cutoff frequency of the LPDA antenna. If
the active region is very narrow, the considerable working bandwidth of the LPDA antenna is

given by the ratio of longest to lowest dipole element and this ratio is named as structure

bandwidth, Bs. As active region has some width, it is evident that the working bandwidth ‘B’

is always smaller than Bg by a factor named By, active region bandwidth.

The LPDA antenna input impedance is calculated at the junction of the lowest dipole element
and the feeder. Theoretically, the input impedance at the top of an infinite log periodic design

must be similar for all frequencies specified by the scaling factor.

The characteristic pattern of this LPDA antenna does not relies on number of dipole elements
[90, 91]. Hence, according to the definition, this LPDA antenna can be named frequency
independent with respect to its radiation pattern. This response is distinct of measured and
computed patterns [98, 99]. When there is an end effect, the deviations may occur. The
exceptions like pattern expand and side lobes may be seen sometimes described by patterns
which alter with frequency. This trend is proof for all LPDA antennas, the H-plane pattern
results are strong dependent on array factor of the LPDA antenna whereas the E-plane pattern
results hides less changes in the array factor. The H-plane beam width graph depicts that the
active region covers distinct dipole elements, since the bandwidth of the pattern is
considerably lower than the structure bandwidth [100, 101].

The scaling factor (1) and the spacing factor () mainly focus on the LPDA antenna radiation
pattern shapes. The calculated directivity (dB) shown in the figure A.1 of appendix are
performed based on the Kraus formula,

41253 )

D =10 o0 (G

where BWg, BWy are the half power beam widths in degrees. The comparison of measured

and calculated directivity for distinct LPDA models are shown in the Table A.1 of appendix.

If the spacing factor (o) is larger than the optimum spacing factor (cop) then the directivity
decreases and the patterns is either inclined toward broad side or side lobes may occurs.
Besides, the length of LPDA antenna for a required bandwidth becomes desirable. The
scaling factor () less than 0.8, only the single dipole element is at near resonance for a given
frequency and it couples with limited energy from the feeder which may give rise to end

effect there by damaging log periodic performance.
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Table A.2 of the appendix tabulates the parameters and qualitatively defines how these values
impact the performance. The LPDA antenna directivity relies on the integration of scaling

factor (1) and the spacing factor (c) and does not depend on the feeder impedance.
The generalized LPDA design procedure is given below

» The number of dipole elements is decided by the scaling factor (), as the scaling
factor value increases, the number of dipole elements increases.
» The size of the LPDA antenna is governed by the distance between the lowest and

longest dipole element called boom length which usually relies on the anglea, aAg
angle increases the size decreases and vice- versa.

> The selection of one set of scaling and spacing factors values guides to boom length

and another gives rise to least number of dipole elements.

Structure Bandwidth decides the boom length and total number of dipole elements.
For some values of Bs lowest boom length may not be achieved for the values of
scaling and spacing factors within the working range.

> Probably, the initial guess values of scaling and spacing factors will not decrease the
boom length and total number of dipole elements. Continuing the process for distinct
values of scaling and spacing factors may determine the trend and base design will get

readily visible.
5.3 LPDA Antenna Structure and Design

The log periodic dipole array antenna with seven dipole elements is shown in Figure 5.2. The
planar dipoles are arranged on top and bottom copper layers of the FR4 substrate with a
dielectric constant of 4.4 and substrate thickness of 3.2mm. The initial elements are designed
based on Carrel table for the log periodic antenna [105]. The length of the dipole (L), distance
between the elements (d) and the width of the dipoles (W) are varied logarithmically to
achieve wide bandwidths and flat gain performance for the antenna array. Traditionally, this
method is used for UHF and VHF antennas to achieve broadband characteristics. Since, the
dipole structure is on either side of the substrate, it results in a single back lobe radiation, as
back lobe radiation is dependent on the angle between the dipole arrays. The basic principle
and mathematical analysis are presented here for completeness. The geometry constant (1),

angle («) and space constant (c) are defined as in equation (5.1) and (5.2)
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=Dk = bk o (5.1)

a=tan™ ! (1—_;) (5.2)

where Wy, Ly and d (the subscript k=2,3,....N and N is the number of the dipoles) are the
width, length and distance between the elements for the k™ element and Wi.1, L1 and dy.; are
the width, length and distance between the elements for the k-1" element. k™ element is the
largest dipole element.
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Figure 5.2a Top layer of the proposed LPDA UHF sensor

w,—| |— —

Wm W, =] |+—
1 —d— —dy— f-dst extn

! ;] Pt | I P
W, W, 1
N T Feed point

W, W,

Figure 5.2b Bottom layer of the proposed LPDA UHF sensor

The dipoles are resonant at their corresponding half wavelengths. The bandwidth depends up
on the values of t and o, the required number of dipole elements are high, if the value of t is

high and the length of antenna increases, if the value of ¢ is small. Hence, to keep the antenna
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to a reasonable length the values of T and ¢ are chosen to be 0.78 and 0.14, respectively. The
substrate height and width of the feed line is chosen so that the input impedance of the line is
50 Ohms. This is achieved using taper lines at the coaxial to microstrip transition. This
improves the return loss of the antenna. Coaxial feed is chosen in this design to simplify the
feed mechanism by eliminating the balun structure which performs impedance match
between the antenna and the feed. The match between the port impedance of 50 Ohms and
input impedance for initial LPDA antenna is substantiated by plotting the S11 as shown in
Figure. 5.3. The initial design values are obtained from the Egns (5.1) and (5.2). The
selection of the dipole elements for improving the return loss performance of the antenna
array are Lj, L, and Ls as the return loss represented by S11 in dB at the mid-band
frequencies (i.e. 1.2 GHz to 1.7 GHz) and at 2 GHz is poor compared to other frequencies.
The dimensions of the fabricated LPDA are given in Table 5.1.
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Figure 5.3 Simulated Sy; of the initial LPDA UHF sensor
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TABLE 5.1 DIMENSIONS OF THE DESIGNED ANTENNA STRUCTURE IN MILLIMETERS

L, L, L3 Ly Ls Lg L, Ly]_ Ly2

42 35 27 23 18 14 9.5 50 28

Ly3 Ly4 Ly5 LyG Ly7 LX3 LX4 LXs LXg

7 12 9 6 4 22 6 7 6

LX7 W, W, W3 W,y W5 Ws W7 Wiq

5.2 6.5 6 5.4 6.5 4.2 2.8 1.8 6

d; d, ds ds ds de extn tpx tpy

15 10 20 12 13 9.6 15 14 15

5.4 Parametric study and Analysis
Parametric analysis is performed to investigate the effects of dipole length, width and

distance between the elements on antenna return loss and bandwidth using ANSYS HFSS 3D

EM simulation software. In this analysis, one parameter is varied while keeping other

parameters constant.

5.4.1 Variation of feed line width
The feed line width affects the input match of the antenna and is matched to an

impedance of 50 Ohms. The variation in width is performed in steps of 0.5 mm and return
loss is shown in Figure 5.4. The variation of return loss is not considerable and the overall
bandwidth is not varying. Hence, feed line width does not affect the bandwidth to a larger

extent.
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Figure 5.4 Simulated S11 for variation in feed width of the antenna

62



Chapter 5 Detection and Localization of PD Source Using LPDA UHF Sensors

5.4.2 Variation of distance between dipole elements
The variation of distance between the dipoles is studied by considering the distance between

the fourth and fifth dipole elements. This is considered as it is the smallest distance and
hence, the interaction between these two dipoles would be high. This also affects the length
of the dipoles as mutual coupling between the elements increases with closely spaced dipoles.
It is observed that there is an improvement in the return loss at 1.5 GHz and 2 GHz as shown

in Figure 5. 5. However, bandwidth is almost same for all the values of ds.
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Figure 5.5 Simulated S11 for variation in d4 of the antenna

5.4.3 Variation of length Ly; and Ly,
The length Ly, is length of the lowest frequency dipole elements. The first dipole element is

shaped along with other dipole elements to fit the antenna into a compact size. The length Ly,
and Ly, act as coupled lines due to which the effective electrical length of both the dipoles
increases without increasing the physical lengths of the elements. The increase in electrical
length results in improvement of the return loss of the antenna array at lower frequencies. It is
observed from the variation of Ly that the return loss bandwidth is increasing at the lower
frequency range and the variation of L, causes the return loss to improve by providing better

matching at lower frequencies as can be observed from Figure 5.6 and Figure 5.7.
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Figure 5.6 Simulated S11 for variation in Ly; of the antenna.
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Figure 5.7 Simulated S11 for variation in Ly, of the antenna
5.4.4 Variation of length Lys

The length of the fifth dipole is considered as the return loss characteristics of the

LPDA are poor at mid-band and 2 GHz. As discussed earlier, the largest dipole affects the

lowest frequency and smallest dipole affects highest frequency. Hence, the lengths of the

middle elements would affect the return loss at mid-band frequencies of the antenna. The

fifth element affects the return loss the most which can be observed from the return loss plots

shown in Figure 5.8. The return loss in the mid region is drastically affected even though

there is no variation in the lower frequencies regions.
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Figure 5.8 Simulated S11 for variation in Lys of the antenna

5.5 Measured Antenna Results and Discussion
The simulations are validated with a fabricated prototype of LPDA antenna and

experimentally tested. The fabricated LPDA prototype antenna is shown in Figure 5.9. The
coaxial feed is manually soldered across both ends of the feed line with center conductor
soldered to top structure and outer conductor is soldered to the bottom structure. The coaxial
feed is extended towards the largest dipole from feed point to reduce interference in the
radiation pattern of the antenna. The measured and simulated return loss of LPDA UHF
sensor is shown in Figure 5.10.

Bottom Side

| Coaxial
feed
extension

Feed Position

Figure 5.9 Top and bottom side of the fabricated LPDA antenna prototype. (inset picture
shows feed position)
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The measurements are carried out using HP8719A vector network analyzer. The proposed
antenna meets the specification of S11 < -10 dB over 0.5 GHz - 2.2 GHz frequency range.
The measured 10 dB return loss bandwidth of the designed antenna is 126%. The simulated
results are closely matching the measurement results validating the taper design and lengths
of the dipole elements.

The simulated and measured radiation patterns are compared and shown in Figure 5.11 (a-e).
The E-plane and H-plane patterns have been measured at 0.7 GHz, 1 GHz, 1.5 GHz, 2 GHz
and 2.2 GHz respectively. The patterns could not be measured at the lowest frequency i.e. 0.5
GHz due to non availability of the anechoic chamber at that frequency. The E-plane radiation
pattern for the above measured frequencies is a directional pattern and the beam width is also
sufficient to capture the partial discharges in transformers. The slight variations in the

measured and simulated back lobe patterns of the antenna are due to interference caused by
coaxial cable feeding the antenna.

0 i -
%
5 |
[
~ 10 ' .'f\ ! \\\ :f\‘_. 7
= [N \ad \_
= -15 Nty -
- 1
“ 50 | --- Simulated S11
1 Measured S11
25 ¥
-30
0 0.5 1 1.5 2 25

Frequency (GHz)
Figure 5.10 Simulated and measured S11 of the antenna
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Figure 5.11 Simulated and measured radiation patterns for the fabricated antenna (a) 0.7
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The gain of the antenna is measured in an anechoic chamber using gain transfer method
wherein two sets of received power measurements are performed for standard antenna (Psq)
and prototype test antenna (Paut). The gain of the prototype test antenna (Gaur in dB) is
obtained as Ggq (dB) + Paut (dBm) - Psyq (dBm). The reference antenna used in the radiation
pattern and gain measurement is bi-conical antenna EM-6917B-2 (26MHz — 3GHz). The
measured gain of the antenna is -1 to 4.3 dBi over 0.7 — 2.2 GHz with almost flat gain of 4
dBi from 0.8 — 2.2 GHz and is shown in Figure. 5.12. Within this bandwidth, the effective
antenna height is higher than 15 mm as shown in Figure. 5.13. The designed antenna is
compared with other recent reported structures to show its effectiveness in Table 5.2. The
comparison is with respect to frequency range, fractional bandwidth, antenna size, return loss,

gain and effective antenna height.

The antenna factor (A.F) of the designed LPDA antenna is calculated using Eqgn (5.3)

9.73

<3 00 )
gain(dB)
/(particular frequency)*\’ 10¢ /100)

AF =

(5.3)

The effective height of the designed LPDA antenna is calculated as the inverse of antenna
factor (A.F).
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Figure 5.12 Simulated and measured realized gain of the proposed LPDA antenna.

68



Chapter 5 Detection and Localization of PD Source Using LPDA UHF Sensors

100
% \\—.__...___
o 10
o
=
=
=
=
=
-1
1
0.5 1 1.5 2 25
Frequency (GHz)

Figure 5.13 Effective height of the proposed LPDA antenna.

Though, the published works in [91, 93, 97, 100] exhibit slightly higher fractional bandwidth
compared with proposed antenna but they occupy an area 2.3 times larger than 0.31 A>. The
highest fractional bandwidth among the compared antennas is exhibited by [96] and [100],
but it also occupies the largest area among the compared antennas (i.e. 7.1 and 46 times the
proposed antenna, respectively). The gain characteristics of the proposed antenna is flat
compared to [95] wherein gain varies over a wide range leading to variations in the voltage
measurement for different frequencies. Though, [82, 95] proposes a compact antenna (0.41
Ao and 0.25 Ao?), the fractional bandwidth of the antenna are 88% and 100%, respectively
when compared to 126% for the proposed antenna. When comparing the antenna dimension
the center frequency is used for calculating Ao The proposed antenna also achieves an antenna
height of 15 mm (0.7 — 2.2 GHz) which is better than antenna height of 13 mm (0.8 - 1.8
GHz) and 8 mm (0.5 - 1.5 GHz) presented in [82, 95] showing the effectiveness and higher
sensitivity of the proposed design.

5.6 Partial Discharge Experiment and Results
The designed LPDA UHF antenna is used as a proof of concept for detection of PD’s like

corona defect, particle movement defect, free particles defect and surface defect. The
corresponding frequency range of the above PD defects falls between 0.5 - 2.2 GHz. The
block diagram and the experimental set-up of PD detection by the designed LPDA UHF
sensor are shown in Figure 5.14(a-c). The test cell used for measurement consists of top and
bottom electrodes filled with transformer oil in a cylindrical Perspex tube as shown in Figure
5.14 (b). The particle movement discharge test cell has 25 mm diameter aluminum sphere and

a 2 mm diameter aluminum ball is kept on a 55 mm bottom with slightly concave plane
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having a 1 cm gap between the two electrodes The test cell of corona discharge has a top

copper needle

Table 5.2.Performance comparison of designed antenna with other reported antennas in the

Detection and Localization of PD Source Using LPDA UHF Sensors

literature
Ref | Dimension Antenna Freqg. rangel Gain | S;1 |[FBW/| Eff.
(LXW) Size (GHz) | (dBi) |(dB)| (%) | Ant.
(mm) (Area) Ht.
(mm)
[82] | 190x60 | 1.14%x 036k | 1.0—2.6 - -6 [ 889 >13
(0.41 2%
[91] | 368x300 | 1.35%x1.1%9 | 04-18 |-3t01.8]-10 |127.3| -
(1.49%°%)
[93] | 200X 200 | 1.03%x 1.03%, | 05-2.6 | 0-48 [9.55|1355| -
(1.07 1)
[94] | 202x 202 | 0.840x 0.84% | 0.5—2.0 |[-11to8*|-10 | 120 -
(0.71 2%)
[95] | 150X 150 | 0.500x0.5% | 0.5—15 - - | 100 8
(0.25 X%
[96] | 282x242 | 159 x1.37% | 04-3.0 |-5to-11]-10 [152.9| -
(2.19 X%
[97] | 300x300| 0.9%x0.9% | 03-15|-1to5*|-10 | 130 -
(0.81 X%
[98] | 154x84 | 0.77hx 042} | 08-22 | 2to6 |-10|87.3 -
(0.32 X%
[99] | 420 x 577 | 0.70hXx0.97% | 0.2-0.8 [3.2t05.5/ -10 [120.2| -
(0.68 109
[100] | 260 x 218 | 3.45)hx 4.17%9 | 05-10 | 3to6 |-10 | 181
(14.39 %)
This | 110x 140 | 0.495),x 0.63% | 0.7—-2.2 | -1to5 | -10 | 126 | >15
work (0.31%°%)

* Simulated results. Ao Is the wavelength at centre frequency.
Eff. Ant. Ht. is Effective Antenna Height

attached to aluminum rod having radius of curvature of 40 um and 50 mm bottom aluminum
circular plane has a gap of 1 cm between both electrodes. The test cell for free metal particles
discharge has a 25 mm diameter top aluminum sphere and 55 mm slightly concave plane
having a 1 cm gap between the two electrodes. Inside the test cell, two different particles i.e.

2 mm aluminum ball and copper bead on the bottom electrode are placed. The test cell for
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surface discharge has 25 mm diameter aluminum top sphere and 55 mm bottom slightly

concave plane having 1 cm gap. Inside the test cell, a pressboard of 5 cm diameter and 2 mm

thickness is placed between the two electrodes.

The four PDs i.e. particle movement, Corona, free metal particles and surface discharges are
generated at 7.6 kV, 8.7 kV, 10.6 kV and 11.8 kV, respectively. The antenna is placed at a

distance of 1m to capture the PD signals. These signals are then viewed in oscilloscope or

spectrum analyzer as shown in Figure 5.14(c).
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Figure 5.14 (a) Block diagram of the PD test system using oscilloscope (b) PD test cells
(particle movement, corona, free metal particle and surface defect test cells respectively) (c)
PD experimental set-up for antenna in lab using spectrum analyser

Figure 5.15 (a) & (b) shows the UHF time domain signal and the respective Fast Fourier
Transform (FFT) of the particle movement discharge and its characteristic frequency covers

from 0.5 - 1 GHz. The time and frequency domain signals of corona discharge as shown in
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Figure 5.15 Particle movement defect at an inception voltage of 7.6 kV in transformer oil (a)
Time domain (b) Normalized FFT of UHF signal
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Figure 5.16 (a) & (b) and its characteristic dominant frequency contents lie in 0.4-0.8 GHz. It
is observed from Figure 5.17 (a) & (b) the dominant frequency signals of free particles
discharges are from 0.5 - 0.85 GHz and at 1.6 GHz. The characteristic frequency contents of
the surface discharges fall in the range of 0.1 - 1 GHz, 1.6 GHz and 2.1 GHz as shown in the
Figure 5.18 (a) & (b). The PD experiment result reveals that the designed LPDA UHF sensor

is capable of detecting the four different incipient discharge signals with oil filled test object.

100
wl |
&
é, 20
W Vi
=
2-20
g
- -60
100
0 25 50 75 100 125 150
Time (ns)
(a)
1
g
= 0.8
]
g 0.6
-,
=
S04
E
= 0.2 A |
“ 0
0 - !
0 1 2 3
Frequency (GHz)
(b)

Figure 5.16 Corona defect at an inception voltage of 8.7 kV in transformer oil (a) Time
domain UHF signal (b) Normalized FFT of UHF signal.
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Figure 5.18 Surface defect at an inception voltage of 11.8 kV in transformer oil (a) Time
domain UHF signal (b) Normalized FFT of UHF signal.

5.7 Localization of PD source using Narrow band LPDA UHF Sensors

Let ‘t’ be the uhf signal propagation time travelling from PD source to the reference sensor
S1, L be the light velocity which is equal to 3*10"8 m/s and 112 ,T13 , T14 are the TDOA
measurements of the uhf sensor signals from reference sensor S;.The nonlinear equations
are given in Eqn (5.3)

(x=x)*+ @ —y)*+ (z—2z)* =P+ t?

(X =22+ (Y —y2)* + (2= 2)* = P(t + 112)°
(x —x3)* + (¥ —¥3)* + (2 — 23)* = I*(t + 143)° }
(= x4)* + = y)* + (2~ 2)* = P(t + 714)%)

(5.3)

After acquiring the UHF sensors TDOA measurements, the PD source location can be
estimated by solving Eqn (1). But, these are nonlinear equations and it is very difficult to
calculate directly like traditional approaches. The Eqgn (5.1) can be converted as an
optimization problem with constraints. Thus, Eqn (1) can be written shortly as

d] = (D] - Ds) =l (le) (5.4)

Where Djis the distance of the PD source to the j™ sensor i.e.

Dj= /(% = )2 + (y; = ¥)? + (2 — 2)? (53)
Ds = \/x? 4+ y? + 72 (5.6)

Unfortunately, the‘c” is unknown and it is required to quantify UHF sensors TDOA to
estimate the PD source location.

The Eqn (5.4) is then transforms to
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dj = J (=0 + =0+ (=2 =y 22 - 1(4t) (5.7)

In the experiment set up, there is line of sight between PD source &four uhf sensors. The
exact calculation of TDOA, (tj —t;) is important to locate accurate PD source position and
even minute changes in this value can results a high uncertainty.

mind; =Sy ([Gg - %)+ 0=+ (5 -2 ~VGTTyEF 2D~ 1= (1)} (5.8)

The tailor- made UHF sensors are used for incipient discharge localization in a free space.
The laboratory experimental set up is developed as shown in the Figure. 5.19. The tailor
made log periodic dipole array antenna is used as UHF sensor. This sensor detects the PD
signal in the range of (0.7-1) GHZ. The sensor is connected to mixed domain oscilloscope
(MDO) through co axial cable. The UHF sensor output signal is displayed in MDO when

incipient discharge occurred.

A test cell is designed for the occurrence of PD signal in a laboratory scenario, which
consisting of a sphere and concave electrode with a 2 mm aluminum conducting spherical
ball. The entire electrode system is filled with transformer oil and housing with Perspex tube.
The test cell is energized by al00kV test transformer.

The experiment is conducted for two different positions in the laboratory without any
external noise. When the PD is initiated with the applied HV supply, the four UHF sensors
will acquire the PD signals simultaneously and displayed in the MDO. This procedure is
repeated for different positions of PD source and sensors. The recorded four UHF sensors

signals for a particular incipient discharge are shown in Figure 5.20.
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Figure 5.19 Experiment Model for localization of PD source position number 1 in table 5.5
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Figure 5.20 TDOA measurements of four UHF sensors for localization of PD source in
laboratory scenario at 14.5kV
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Figure 5.21 Experiment Model for localization of PD source position number 2 in table 5.5

A threshold value of 25% of signal amplitude is chosen for the calculation of TDOA values

of each case using first peak approach.

5.7.1 Particle Swarm Optimization Algorithm

Eberhant and Kennedy developed PSO algorithm which is a population based meta-heuristic
method in the year 1995.This algorithm is a nature inspired by flocking of birds. In this
algorithm, each bird is treated as a particle and all the birds or particles together form as a
group called as swarm. Every particle is constituted by two vectors X; and U; which indicates
position or location and velocity of the particle. The location of every particle at a particular
iteration is assumed as a solution to the problem at that iteration. The particle flies in the
search space area and varies their velocities and positions. In a physical k dimensional search

space, the velocity and position of every i particle are shown by the following vectors.
Ui=[U4 U2, U
Xi=[ XN XE,,, 0 Xi€]

The best location of a particle is the position which gives the minimum objective function
fitness value (F) to that particle. Let Pbest; =[ Pbest;® ,Pbest?; , , , , Pbest{“] be the local best
position obtaining the local best fitness value for the i particle and similarly gbest; = [ghest;*
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. gbest?, , , , ,gbest¥] be the best global position in the population of whole swarm. The

PSO algorithm upgrades its velocity and position using the following equation.

The learning factors C; and C, are assumed to be 2 which calculate the relative impact of
cognitive and social component to upgrade the position and velocity of the particle. The
range of two random numbers rand1 and rand2 are considered in between 0 to 1. U;*® and X
are the velocity and position of the i particle in the k dimension space at t" iteration. The
gbest; is the global best of the i™ particle in the k dimension at t" iteration and Pbest; is the
local best of i particle in k dimension at t" iteration and w is the inertia weight parameter

which regulates the exploration and exploitation of the search space.
VEth =W = Vg + Cy +randy * (Ppesek — Xi) + Co * randy * (Gpest — k) (5.9)
xptt=xb + v (5.10)

Location Error can be determined by

Vo =27+ (0 = ¥)? + (20 — 2.)? (5.11)

Table 5.3 PSO Algorithm Parameters

S. No Parameters of PSO Algorithm Assign Value
1 Maximum Number of Generations | 100
2 Population Size 20
3 Learning Parameters (c1, c2) 2
4 Inertia Weight (w) 04-1
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Read UHF Sensor Positions, TDOA measurements
of the Sensors, light velocity and Transformer tank
dimensions as input

A
Initialize random population

-

A
Evaluate the Objective function fitness value
of each Particle using Eqgn (5.8)

A
Upgrade the velocity and position
using Eqns (5.9 & 5.10)

NO

Whether Convergence
Criterion is reached
Or not

l YES

End

Figure 5.22 Flow chart of Proposed PSO algorithm

where Xa,Ya,Z, are actual coordinates and Xc,Yc,z. are calculated coordinates.The source and
sensors co ordinates are presented in Table 5.4 & 5.5
Table 5.4 Narrow band LPDA UHF Sensors Coordinates

Sensors No | Coordinates (x,y,z) incm
Sensor 1 (47.5,0,0)

Sensor 2 (0,0,47.5)

Sensor 3 (47.5,0,100)

Sensor 4 (94,0,46)
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Table 5.5. PD source Location Results using Narrow band UHF Sensors.

S.No Actual Calculated PD | Location error
PD source Position by (cm)
Position (cm) PSO(cm)
1 (47.5,46.5,0) | (46.5, 4438, 2) 2.8
2 (42.2,41.4,0) | (40.8,39.8,1) 2.35

The PSO algorithm is used for the PD source location with the average value of measured
100 sets of TDOA measurements and an error of 3 cm is observed with the TDOA
measurements from the experiment conduction. The actual and calculated PD Position results

are shown in the Table 5.5.

5.8 Localization of PD source using Broad band LPDA UHF Sensors

Figure 5.23 Laboratory Experiment Model for PD source Localization using Broad band
LPDA UHF sensors

Procedure Steps for PD Source Localization using PSO Method

1. Initialize the random population size for PD source location and light velocity and
velocity & position of swarm particles.

2. Evaluate all the individual fitness values using objective function and select the best PD
source location.

3. Check whether the PD source location is within its limits, else go to step 2.
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4. Check convergence criterion is fulfilled, if it is yes go to step 5 else go to step 2.
5. Stop.

The relative positions of four planar LPDA UHF sensors placed on the four wooden
stools are shown in the Figure 5.23 and the sensors positions given in Table 5.6. The two
different PD source positions are shown in the Table 5.7. The total length, width and
height is (245.5, 184, 52) cm.

Table 5.6 Broad band LPDA UHF Sensors Co-ordinates

Broad band UHF Sensors | Coordinates (x,y,z) in cm
Sensor 1 (131,220,51)
Sensor 2 (16,165.05,51.5)
Sensor 3 (150,48,51.5)
Sensor 4 (58.5,48.5,51.5)

Table 5.7 PD source Location Results using Broad band LPDA UHF Sensors.

Corona Particle
Movement
PD Source

PD Source
Actual PD Source Coordinates (cm) (120, 72, 45) (133.5, 108.5, 45)
Time Difference of Arrival (ns) (0.32,2.08,3.04) | (0.35,2.14, 2.89)
Calculated PD Source Coordinates (cm) | (119, 70, 43) (132, 106.5, 42.5)
Location Error (cm) 3 3.535

The PSO algorithm is used for the PD source location with the average value of measured
100 sets of TDOA measurements and an error of 3.54 cm is observed with the TDOA
measurements from the experiment conduction. The actual and calculated PD Position results

are shown in the Table 5.7.

5.9 Summary
A broadband log periodic printed dipole array antenna is presented in this paper. The

bandwidth is achieved by optimizing lengths of selected dipole elements and shaping them
to provide additional capacitance and effectively reducing the length of the dipole elements.
The antenna achieves a fractional bandwidth of 126% within a compact size of 110 mm X
140 mm. The characteristics of the designed LPDA UHF sensor are simple planar design,

light weight and broad bandwidth making it useful for measurement of partial discharges.
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This antenna is designed to detect different types of PD defects occurrences generally falling
in the 0.5 - 2.2 GHz frequency range which are detected in power transformer. The proposed
antenna is effective in measuring the discharges as it exhibits better antenna height and flat

gain performance.

The UHF PD signals are acquired by the incipient discharge like with the conducting particle
movement in the transformer oil filled test electrode cell. The averaged TDOA measurements
are considered for determination of the PD source location using PSO algorithm. The
obtained location error is almost 3.5 cm from the conducted experiment. This research may

be very much helpful for utilities and manufacturers with low investment.
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CHAPTER 6

Conclusions and Future Scope

6.1. Conclusions

In this thesis, non-invasive PD monitoring techniques for the localization of PD source in
power transformer have been presented. These approaches have been validated for laboratory
and field data case studies in the relevant literature. A broad band UHF sensor is designed,
fabricated and various PD defects were detected and localized in the laboratory experimental
set up. In this segment, summarization of the major contributions performed in this thesis on
merits of non-invasive methods over traditional methods in PD monitoring of power

transformer is outlined.

In chapter-1, overview on key aspects of the condition monitoring of power transformer,
motivations, research objectives and contributions followed by organization of the thesis have
been explained.

In chapter-2, a literature survey on localization of PD source in power transformer using non-
invasive PD monitoring techniques has been presented. The detailed description of PD
process and PD measurement techniques has been described. Particularly, the merits and
demerits of invasive and non-invasive PD monitoring techniques have been elucidated. In
this thesis, non-invasive PD monitoring techniques were used for the localization of the PD

source in power transformer.

In chapter-3, acoustic sensor based localization of PD source in power transformer using bat
algorithm has been proposed. Case study on laboratory and field PD measurements data has
been provided to demonstrate the efficacy of the proposed methods. The results of the case
study also reveal that the proposed bat algorithm is superior when compared with the reported
literature algorithms.

In chapter-4, acoustic sensor based localization of PD source in power transformer using
fuzzy adaptive particle swarm optimization algorithm (FAPSO) has been proposed. By the
integration of metaheuristic algorithm with fuzzy logic system, the Case study on laboratory
and field PD measurements data has been provided to demonstrate the efficacy of the
proposed methods. The results of the case study also reveal that the proposed FAPSO-I

algorithm is superior when compared with the reported literature algorithms.
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In chapter-5, laboratory PD measurement setup has been presented. This measurement set up
includes wide band LPDA UHF sensor and its detection circuit. The distinct PD source test
objects have been developed and manufactured to simulate distinct incipient discharges from
those PD source test objects. The PD source test objects have been elucidated in this chapter.
The localization of PD source using narrow band and wideband LPDA UHF sensors is
performed in the laboratory. The PD source localization results show that the location error is

within the acceptable limit.
The following key outcomes have been attained from the present research work.

e The proposed Bat algorithm for localization of PD source is efficient, robust and with
no local optima problems. The bat algorithm converges within 10 iterations compared
to other reported works in the literature. The statistical measures like PD source
location error, maximum deviation & relative errors illustrate that the bat algorithm
has yielded least errors with the other reported literature works.

e The proposed FAPSO-l1 (49 rules) & FAPSO (9 rules) algorithm has been
implemented for PD source localization in power transformer utilizing acoustic time
measurements. The Mamdani fuzzy interference system is used for fuzzification and
the centroid method is used for degree of membership function. The FAPSO-I
algorithm has yielded very low PD location error, maximum deviation & relative
errors. In general, more fuzzy rules are better suited for analyzing the location results.
At last FAPSO-I is better with other published works in the literature.

e The designed broad band planar LPDA UHF sensor achieves a fractional bandwidth
of 126% and the size is (0.495A, x 0.63% x 0.01442%,) at center frequency of 1.35
GHz. The proposed antenna is experimentally validated on FR4 3.2 mm thickness
substrate. The measured gain of antennais 4 £ 0.5 dBi over 800 MHz to 2.2 GHz
which provides lower variation in measured partial discharges. The effective antenna
height of the proposed antenna is measured to be over 15 mm. The measured return
loss is better than 10 dB over the frequency range. The designed broad band sensor
detected the distinct incipient discharges which fall under the UHF frequency range.
The time domain and frequency spectrum of those distinct incipient discharges are

illustrated in this chapter.
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The partial discharge measurements with oil filled test objects demonstrates that both
the UHF sensors i.e., narrow and wide band attained the PD signals effectively in
their range of applicability. The localization of PD source results using particle swarm

optimization shown by these two sensors is acceptable within the limits.

6.2. Future Scope of Work

Development of robust algorithms in attaining accurate PD source location results
Detection and localization of different types of incipient discharges can be attempted
on in service power transformer

Substantial research work has to be required on initiation of less priced sensors with
distinct features put together fixing them in destructive conditions that induce in
power substations.

Development of combining the acoustic and UHF sensors with less priced in online
monitoring system for high voltage electric power apparatus.

Multi fusion sensor methodology can be illustrated for power transformer condition

monitoring, driving towards penetration of smart grid technology.
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APPENDIX

Return loss (RL)

Return loss (or) reflection coefficient is the parameter that describes the portion of signal
which will pass through the port and the portion of signal that is rejected (loss) when the
antenna port is terminated by a matched load. This parameter is similar to VSWR and it is
also known as S11 parameter.

Voltage standing wave ratio (VSWR)

Voltage standing wave ratio indicates the degree of matching achieved between the line and
antenna. If an antenna is connected to the input transmission line and the antenna impedance
does not match with the transmission line impedance, some of the signal will be lost at the

junction point as refracted. The loss due to mismatch impedance is known as VSWR.
Bandwidth (BW)

Bandwidth is the frequency range of the antenna performance with respect to antenna
parameters fulfils a specific standard. The frequency bandwidth can be expressed as absolute
bandwidth (ABW) or fractional bandwidth (FBW). The ABW is defined as the difference
between the maximum and minimum frequency. The FBW is defined as the percentage

difference between the maximum and minimum frequency over center frequency.
Input impedance

Input impedance is defined as the impedance presented by the antenna at its terminals or the
ratio of the voltage to current at a pair of terminals or the ratio of the appropriate components

of the electric to magnetic fields at a point.
Radiation pattern

Radiation pattern is defined either as a mathematical function or a graphical representation of
the radiation properties of the antenna as a function of space coordinates. The plots of the
radiation patterns may be drawn in three or two dimensions. In this thesis, 2D radiation plots
made on a spherical surface of a constant radius r away from the antenna centred at the
origin. The electric (E-Plane) and magnetic (H-Plane) field trace plotted shows the

normalized amplitude with respect to the maximum values.
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There are three radiation patterns that are commonly used to describe the antenna’s

properties:

Directional is defined as the ability of the antenna to transmit or receive the signal in some
direction more effective than others. If that antenna is directional means maximum directivity

significantly greater than that of half wave dipole.

Isotropic is a theoretically lossless antenna which also has equal radiation in every direction.
Antennas with this pattern type represent ideal cases and are physically realizable. They are

usually used as a reference to describe the actual antenna directivity.

Omni directional is a special case of directional antenna, where the antenna has directional

capability in any orthogonal plane but has a non- directional pattern in the given plane.
Directivity

The directivity is the ratio of the radiation intensity in a given direction from the antenna to
the radiation intensity averaged overall directions. The average radiation intensity is equal to
the total power radiated by the antenna divided by 4. If the direction is not mentioned then it

is maximum radiation. It has no units.
Gain

The gain is defined as the ratio of the intensity in a given direction to the radiation intensity
that would be obtained if the power accepted by the antenna were radiated isotropically. It

has no units.
Antenna Factor

Antenna factor is defined as the ratio of electric field strength at the antenna to the voltage at

the antenna terminals.
Effective Height

Effective height is defined as the inverse of antenna factor.
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Figure A.1 Computed contours of constant directivity versus spacing &scaling factors of

LPDA antenna.

Table A.1 Computed and Measured Directivities of LPDA antennas.

S.No | Scaling Spacing | Angle | Characteristic height to E-Plane H-Plane Measured Computed
factor factor Impedance radius bandwidth bandwidth Directivity Directivity
ratio
1 0.98 0.057 5 100 125 56.5 85.7 9.31 10.0
2 0.975 0.07/7 5 100 200/151 52.8 76.6 10.08 10.0
3 0.95 0.0268 25 100 100/26 68.7 114.2 7.20 -
4 0.93 0.125 8 65 66 60.0 85 9.08 9.8
5 0.92 0.120 9.5 100 118 57 81.1 9.52 94
6 0.91 0.128 10 94 66 59.2 90.8 8.85 9.4
7 0.89 0.103 15 75 80/45 67 106.3 7.63 8.6
8 0.88 0.089 17.5 150 177 65.2 112.0 7.52 8.3
9 0.86 0.08 23.6 200 50 64.3 112.4 7.57 7.9
10 0.85 0.216 10 75 80/49 71.3 109 7.14 7.3
11 0.84 0.068 30.5 215 50 67.8 126.6 6.83 7.5
12 0.81 0.364 7.5 75 80/43 95 180 3.83 -
13 0.80 0.137 20 100 125 58.5 101.9 8.41 8.3
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Table A.2 Parameter and their effect on the observed performance.

imlre]:glajl:}ce Boom length
LPDA Antenna Active Region b N for a fixed
S.No . (always | Directivity .
Parameters Bandwidth working
less than :
bandwidth
Zo)
. decrease to a
Scaling factor . )
. small . point depending
1 (Spacing factor decrease increase
decrease on B, then
constant)
decrease
Scaling factor small small
2 decrease . decrease
(Angle constant) decrease increase
Spacing factor
3 (Scaling factor increase increase increase increase
constant)
Spacing factor . . small i
4 increase increase increase
(Angle constant) decrease
independent
- but active
Characteristic . i . small
5 region location | increase small decrease
Impedance decrease
moves towards
apex
independent
but active small
6 Height to radius ratio | region location | increase q small increase
ecrease
moves away
from apex
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