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Abstract

Unplanned interruptions of power supply due to failure of critical components of the
distribution network have considerable impact on the modern society. Efficient condition
assessment can avoid the loss of critical components by early detection of incoming threats.
One of the biggest shortcomings of today’s progressing maintenance technology is the lack of
low cost instrumentation solutions which are simple in implementation and easily applicable
to the network.
In this work partial discharge (PD) measurements have been considered for insulation
condition assessment of distribution system components such as overhead covered conductors
(CCs) and cables. A high frequency Rogowski coil induction sensor is designed for this purpose.
An accurate electrical model of the sensor is necessary for efficient signal processing of the
sensed signal and for reliable interpretation of the measured signal. A new method to determine
the electrical parameters of Rogowski coil sensor is presented. In-depth analysis of the design
stages of Rogowski coil is presented using experimental and simulated environment. Various
geometrical designs of Rogowski coil are investigated to analyze the effects of geometrical
parameters on high frequency performance of the coil. The guidelines presented regarding
geometrical structure are useful when trading off the benefits for better mechanical and
electrical design of such sensors.
Location of the detected PD faults is an important task of the diagnostics system in power lines.
The conventional techniques of locating PD faults have been known for a single section of a
power line. However, these techniques are not suitable for power lines having multi-sections
or for branched line networks. In this work, finding the location of PD fault on a power line is
recognized as a two stage function; (i) identification of the faulty section, and (ii) location of
fault point on the identified section. The direction of arrival (DOA) technique is introduced to
identify faulty section whereas fault point location can be determined by conventional
techniques. The technique is equally applicable for CC lines or cable networks. The DOA
technique is integrated over a cable feeder and an on-line automated condition monitoring and
diagnostic scheme is proposed.
Low cost, non-intrusive installation and favorable operating features of Rogowski coil sensor
make it suitable for development of an enhanced and automated diagnostic system which can
easily be integrated into the distribution network.
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1. Introduction

1.1.Background

Increased dependability and demand of electric power have made the electrical utilities to
focus on modernization of power distribution systems. One of the major deriving forces to
modernize the current power grid is the demand for improved reliability, efficiency, and safety
of power grid. This asks for optimization of capital assets while minimizing the operation and
maintenance cost of the network. The networks are always exposed to predictable and non-
predictable failures. The probability of occurrence of unpredictable failure event such as natural
disaster or sabotage cannot be reduced. However, corrective maintenance techniques can be
used for timely identification, isolation, and rectification of the affected or failed component in
order to restore the normal operation of the network [1]. On the other hand, predictive failures
can be forecasted and hence be avoided by performing preventive maintenance tasks in the form
of condition assessment of the power components [2]-[4]. Based on the type of components,
nature of operation and effectiveness of condition monitoring results, an optimized maintenance
strategy can be implemented to achieve an acceptable trade-off among the value of asset,

economic burden of failure, and cost of maintenance strategy [5]-[6].

While designing the condition assessment schemes there are two major concerns; either
they should be done on periodic or continuous bases, as shown in Fig. 1.1. Periodic monitoring
is a widely used and economical option, however scheduling the monitoring period for
components of different age groups (and priority) is very critical. Periodic monitoring is done in
both, on-line and off-line operation of the network. The threat of a missing hard event for a
component during operation is always there. This kind of monitoring somehow lacks the
accurate assessment of component under test due to absence of actual operational environment
when the component is off-line [7]. Continuous monitoring, on the contrary, is generally
designated as on-line monitoring system [6], [8]-[9]. It is initially expensive due to permanent
installation of the measuring system but running cost is low. Constantly surveilled and analyzed
data is trended for continuous projection of equipment’s health or expected failure [10]-[11].
This kind of monitoring provides updated information of an incipient fault; whether it exists,
where it is happening, how far the damage has been done, and how fast it is progressing. The

focus of this thesis is on-line condition assessment strategy.



Periodic condition Continuous (on-line
monito cnndiﬁon m

Aging '\/\V .....
,\/\/\ Power
Environmental network

Analytical tools for L.
identification and ﬁ Condition Assessment
quantification of faults Results

!

Collected data

Installed sensors

Operational

Stress factors

Fig. 1.1. Condition assessment scheme for power components.

Distribution system consists of different types of lines carrying electric power from
medium voltage (MV) substation to the consumers via distribution transformers. These lines are
underground cables, overhead covered conductor (CC), and bare conductor overhead lines.
Switchgear, transformers, and connecting and protection devices are the necessary electrical
components used along with these lines. During a survey of Stockholm, out of 1392 total
failures, 174 were due to power transformers, cables (including joint and terminations) caused
435 failures, overhead lines, and bus bars were responsible for 36 failures [12] while rest of
failures were due to other faults such as disconnectors, circuit breakers, and rectifiers etc.
Insulation damage is one of the major causes of failure in these components [13]-[14]. During
operation, insulation of electrical components becomes weak due to different stresses like aging,
electrical, thermal, mechanical, and environmental stresses. Emission of partial discharge (PD)
signals is a clear indication of insulation degradation in the electrical components. Since past 20
years, PD measurement has been widely applied for diagnostics. Efficient diagnostics depends
on the performance of PD sensors, techniques of measurement, and frequency of inspection.
This asks for simple and economical sensors with effective implementation techniques which
can provide measured data making clear recognition pattern for correct assessment of the

occurred PD faults, on continuous basis.

1.2.Research Problem Description

Different kind of stresses pose potential threats to the power components which can be
detected and corrective plans be executed on ‘need to do’ basis. Figure 1.1 represents the overall
block diagram of condition assessment scheme. One of the biggest shortcomings of today’s
progressing distribution automation is the lack of low cost instrumentation solutions which are

simple in implementation and easily applicable during network being built and system



refurbishment. The major technical element of a condition assessment system is the sensors in
order to collect the pre-fault data for early information of upcoming threat to the power
components. Flexible physical design, good operational performance, and low cost, enables the
sensors to be integrated within the large area of the network which increases the reliability of
condition monitoring system to manifolds. The research motivations and problem descriptions

of this work is explained as follows.
1.2.1. Design of Sensor for PD Monitoring

In the pre-fault stage, the insulation damage of the power components causes PD events
at a certain breakdown voltage level across the component. During PD activity, energy is
released, and broadcasted in various forms such as, electromagnetic, acoustic, optical, and
chemical. Related to different types of energies transmitted, researchers have been able to
develop respective types of sensors [15], which can provide the information of the incipient PD
fault. Electromagnetic energy released during PD events can be measured with the help of high
frequency voltage or current pulses induced during discharge. In this research, current sensors
have been considered. Today there is a variety of current sensing equipment available including
shunts, current transformers, Rogowski coils, Hall effect sensors, magneto impedance sensors,
and giant magneto resistive sensors. Based on some critical parameters of a sensor such as cost,
bandwidth, sensitivity, saturation, linearity, operating temperature, footprints, integratability,
flexibility, isolation, and material technology, Rogowski coil has been preferred as a favorite

tool for PD current sensing purposes [16].

Each PD event generates low amplitude pulses of extremely short duration having certain
wave-shape. For effective PD diagnostics, Rogowski coil sensor should be able to measure
these high frequency pulses precisely. For precise or reliable measurements, an accurate model
of Rogowski coil is needed. The parameters of Rogowski coil determine the accuracy of the coil
model. During design phase, the value of the model parameters are used to calibrate the
measured output of Rogowski coil. Therefore, any error in the identified parameters results in an
erroneous measurement of the PD signal which means wrong assessment of the fault. In some
studies, methods have been presented to calculate the parameters of coil model based on
physical geometry of the coil [17]-[18]. It turns out that because of certain limitations, these
methods do not provide precise value of the parameters especially for high frequency Rogowski
coils. There is a need of an improved method of parameter identification which takes into
account the high frequency behavior of the coil and possible effects of the measuring system

during operation.



Rogowski coil sensor consists of three essential stages; signal sensing, signal
conditioning, and integration. Integrator (last stage) is important to recreate the original signal
observed by the coil at its input. Conventional design of integrator consists of active and passive
components. The use number of sophisticated components and limitations of amplitude and
frequency range of the measured signal due to operational features of components makes the
design of integrator complex and expensive [19]-[21]. Obtaining simplicity in the design, better
accuracy for wide range of amplitude and frequency of measured signal, and low cost are the

challenges during development of integrator for the coil.
1.2.2. On-line PD Diagnostics in the Distribution Network

A distribution network consists of various types of components, such as substation
transformers, switchgear, bus-bars, power lines, measurement and protection equipment,
MV/LV (low voltage) transformers, and switches. The network topology can be ring or/ and
radial. The incoming concept of distributed generation under the umbrella of future smart
distribution system is going to make the network topology more complex [22]-[23]. PD faults
can occur anywhere along the network in the damaged insulation of an energized electrical
component. Considering electromagnetic sensing, it has been noticed that most of the available
location techniques are applied on a specific section or component of the network to determine
the location of PD source. The propagation characteristics of the PD signals, such as
propagation delay (time domain reflectometry or time difference of arrival), and propagation
attenuation (frequency amplitude analysis) [24]-[27], are used during implementation of these
techniques. These techniques are useful when applied on a single section or component;
however due to certain limitations [28]-[30], they alone cannot be used for a multi-section
(straight or branched) line network. For a complex topology of the real network having number
of sections or components, there is a need for the techniques which can monitor a wider network
part. The aim is to present a spatial monitoring system which can be used to identify the faulty
section or component of a network as a primary diagnostic task, followed by the location task of

the PD source present within the identified section or component.
1.3. Research Contribution

Rogowski coil induction sensor has been used in this research. The design and application
aspects of Rogowski coil are exploited for PD monitoring with the help of experimental and

simulation platforms as follows:

o Different aspects of the Rogowski coil sensor, such as geometrical design, construction,

calibration, and application, are investigated in detail.



e FElectrical model of Rogowski coil is presented normally as a second order (resistor-
inductor-capacitor) RLC circuit. Basic features of the RLC circuit are investigated in
detail in order to analyze the behavior of Rogowski coil which makes the development
procedure of Rogowski coil simpler.

e A new methodology to determine the electrical parameters of Rogowski coil is
presented.

e To avoid the limitations imposed due to an analogue electronic integrator, digital
integration technique has been implemented in the design of the Rogowski coil.

e Directional sensing feature of Rogowski coil has been explored which provides an easy
method to determine the direction of arrival (DOA) of PD signals.

e Based on detection of DOA of PD signals along a power line, a technique was
developed to identify the faulty line section for both, straight and branched line network
topologies.

e Experimentally evaluated DOA technique is integrated over a cable feeder to propose a
PD monitoring scheme for distribution network. A novel idea is presented to develop a
measurement based algorithm for automated identification of the fault line section or

the component in the network.

1.4. Dissertation Outline

The contents of this thesis are a summary and [Publications I-IX]. Brief illustrations of the
contents are as follows.

Chapter 2 presents the structure of on-line condition assessment system based on PD

measurement. The characteristics of PD signals are described with the help of practically

measured PD signals. The important features of PD signals and their application for PD

diagnostics are discussed in detail [Publication I, VIII].

Chapter 3 presents the model of a high frequency Rogowski coil for PD measurements.
Construction and modeling of the coil prototype are described in detail. A new methodology
of identification of model parameters is conferred. Practically developed model of
Rogowski coil is simulated in ATP-EMTP software environment, for in-depth analysis and
model validation. The role of geometrical parameters of Rogowski coil is experimentally
investigated to analyze their effects on performance of coil for high frequency

measurements [Publication II-V].

Chapter 4 describes the calibration of Rogowski coil to determine the DOA of PD signals
based on detected polarity. The directional sensing is practically implemented for overhead

CC lines and cables in the laboratory. For straight lines, the technique is applied for MV



overhead CC line whereas in branched line scenario, MV cables are used. [Publication VI-
IX]. The developed technique is integrated over a cable feeder using ATP-EMTP. A
methodology of analyzing the signals measured by multiple coil sensors is presented. An
algorithm is proposed to develop an expert system for automated identification of the PD

faults.
Chapter 5 describes the summary of the all the articles included in this dissertation.

Chapter 6 presents the conclusions of the work and proposes the future work in this field to

improve the monitoring and diagnostics capability of condition assessment system.



2. Partial Discharge Signals

2.1. Condition Assessment System Based on Partial Discharge
Measurements

This chapter discusses various characteristics of PD pulses for monitoring and diagnostics.
Most of the time, either of these terms is used to represent both features of condition assessment
of electrical equipment. However in actual sense, the terminology of monitoring refers to
obtaining the raw data from the under study equipment with the help of employed sensors
whereas diagnostics refers to the analysis of monitored data using certain trends, signatures or
calculations, in order to evaluate the state of equipment for maintenance. In this research work,
a comprehensive model of the condition assessment system is implemented as presented in Fig.
2.1. Monitoring and diagnostics are two main tasks of the model. PD monitoring system can be
divided into three essential elements a) design of sensors, b) measuring system, and c)
measurement of the data. The diagnostics basically consists of three elements; d) detection, e)
location, and f) quantization. The most suitable order of the elements of condition assessment

system is as described in Fig. 2.1.
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Fig. 2.1. Implementation of condition assessment system for power components.



The organization of the work done for implementation of these elements is as follow. The
current transducers are used as monitoring sensors. The design of sensor and measurement of
PD signals using induction sensors is described in chapter 3 [Publication II-V]. Detection,
location, and quantization of the PD faults are presented later in this chapter. In this chapter,
conventional location technique is described. The contribution of this research work to enhance

the PD location techniques for distribution lines is presented in chapter 4 [Publication VI-IX].

2.2. Insulation Degradation

A detailed overview of insulation degradation and PD mechanism can be found in [31]-
[33]. A solid insulation has a specific electrical breakdown strength (expressed in kV/mm)
which depends upon the dielectric properties and thickness of the insulation material [34].
Healthy high-voltage insulation between two electrodes keeps the charges of opposite polarities
from passing through the material. During normal operation, the electrical field stress is
uniformly distributed across the healthy insulation between the electrodes. However, when this
material has some defects (small gaps or cracks filled with some gas), there occurs a non-
uniform distribution of electrical stress among the healthy and defective insulation parts. This is
due to different dielectric properties of the healthy and defective part of insulation. Depending
on the size and type of defect, PD occurs at a certain level of applied voltage. During this
activity the charges are able to penetrate through the material with the force provided by the

high electric field strength. Some of the most common reasons for the insulation defects are

e Material deterioration due to aging: change in dielectric constant because of
chemical effects etc.

e Material deterioration due to environment: thermal effect due to operating
temperature and temperature gradient etc.

e Mechanical damage: transportation, installation, storms, earthquake, and other
physical stresses etc.

e Operational stress: overvoltage and lightning etc.

e Manufacturing defects: voids and cavities etc.

PD is the process of localized dielectric breakdown of a small portion (voids, cracks,
bubbles or inclusions) of a solid or a liquid electrical insulation system which is under high
voltage (HV) stress. This discharge partially bridges the phase to ground, or phase to phase
insulation. Once the process is triggered, the insulating materials start to deteriorate
progressively which eventually leads to an electrical breakdown. Based on difference in location
of the gap between the insulation and electrode (phase), PDs are divided into four types, (i)

internal discharges, (ii) corona discharges, (iii) surface discharges, and (iv) discharges in



electrical trees [35]- [36]. Internal discharges and treeing (series of internal discharges) are more
crucial than surface and corona discharges. When the PD extinguishes, there is an exchange of

energy released during PD event in different forms:

* Light energy in the form of electromagnetic radiation.

»  Electrical energy in the form of electromagnetic impulses.

*  Thermal energy in the form of change in temperature.

e Acoustic energy in the form of noise or sound.

e Chemical energy in the form change of gas pressure of the active oxygen and presence

of chemical products such as wax [37].

Analysis of the released energy with the help of a compatible sensor can provide the early

information of the ongoing insulation degradation.

2.3. Partial Discharge Mechanism

The operating environment affects the stresses on the components and particularly their
dielectric material. Various microscopic effects resulting from dynamic behavior of multiple
stresses determine the local physical (aging/degradation) processes [32], [38]. This can cause
cracking and ruptures which further develop as cavities or treeing. A cavity and an electrical
tree is depicted (see Fig. 2.2) to show a case of internal PDs in an MV cross-linked polyethylene
(XLPE) cable. The defect is present inside the XLPE main insulation of the cable which is
located between the Aluminum conductor (phase electrode) and cable shielding (ground

electrode).

Cable shielding
(electrode)

Void

XLPE cable XLPE insulation

Cable conductor
(electrode)

Fig. 2.2. A cavity depicted in the main insulation of a XLPE MV cable.
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Fig. 2.3. (a) Physical model of the cavity inside insulation (upper half of the cross-sectional view of
cable) and (b) electrical a-b-c model of the cavity inside cable insulation.

Considering upper half of the cable’s general layout, the physical model of the cavity and
its surrounding healthy insulation is shown in Fig. 2.3(a). Assume that the solid insulation of the
cable has a thickness 4; while 4, is the thickness disc shaped cavity. The insulation between
both electrodes is divided into three portions. Portion ¢ represents the cavity of an area 4, b is
the portion of healthy insulation under area A4 (apart from the defective site), and a is the
surrounding portion of rest of the healthy insulation. During normal operation, voltage V, is
applied across the line. The cavity is usually filled with a gas of lower dielectric constant than
the surrounding solid insulation. Due to different dielectric constants of the insulation between
the electrodes, different capacitances emerge which proportionally divides the voltage applied
across the electrodes. To analyze the PD generation, a well known electrical (a-b-c) model of
the cavity inside insulation is shown in Fig. 2.3(b). Here C;,, Ci, and C;. are the capacitances
and their values depend upon the dimensions and dielectric constants of respective portions a, b

and ¢ [39].

Assuming that a disc type cavity is filled with a gas of relative permittivity ¢, the capacitance of

portion ¢ is given as [40]

A
h

c

2.1)

The capacitance of portion b of relative permitivity ¢; is given as



Cp =251 22)

Similarly, the capacitance C;, can be described for portion a. The voltage V, across Cj, is
essentially divided across the C; and C;. which represents the faulty region. The voltage V.

across C;. is of major concern for PD generation and is expressed as

[ . E— 2.3)

The electric field £, due to ¥, is uniformly distributed across the portion . However, due to
difference is in electrical permittivity (material ability to permit the electric field) of portion b
and c, there is a non-uniform distribution of the electric field across the portion ¢. Based on
V=Ed, where E is the electric field due to potential } across the electrodes at a distance d, the

electric field E. across the cavity can be estimated as

E-p|l|— & 2.4)
hc g‘[h. J
I+ —+ -1
&\ h,

If the size of the cavity and relative permittivity is considerably smaller than the solid
insulation, as will usually be the case, the E. will be significantly greater than E,. For example,
suppose that there is a cavity of thickness (%) 0.6 mm inside an MV (20 kV) XLPE cable
having 6.6 mm thick (%) insulation. For ¢, = 1 and ¢ = 2.3 (typical for air and XLPE), the
electric field intensity in the cavity is approximately 2 times greater than that of surrounding
insulation at a certain applied voltage. The dielectric breakdown strength of material of the solid
insulation is Ep, =21 kV/mm whereas for air-cavity it is Ez.= 3 kV/mm. This (3 kV/mm) value
is measured for an ideal air-cavity of 1 mm’, however for the above described cavity, the
voltage V3. at which the breakdown occurs can be determined in terms of Ep. and dimensional

arrangement of the cavity as

VBC :EBc(l-l—gc[hi_lJJhc . (25)
&\ h,

When the voltage across the cavity rises to V., a discharge takes place within the capacitive
cavity. Continuing the above example of 0.6 mm air-cavity inside the XLPE insulation of the
cable, the discharge should initiate at V3. = 9.6 kV, calculated from eq. 2.4 and 2.5. As a result
of this discharge a PD signal is generated.
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Fig. 2.4. Electrical mechanism of PD activity.

The applied voltage V, =V, (sinwt + ¢) varies periodically and completes its cycle as
shown in Fig. 2.4. When the V, is increased to such a value that the cavity voltage V.
approaches to the breakdown voltage V3., cavity collapses and a rapid displacement of charges
takes inside the cavity. The displaced charge is termed as space charge. Due to transfer of the
charge, the potential difference across the cavity drops to a value V, (extinction voltage) at
which the electric field intensity becomes lower than that of required in order to maintain the
discharge. The discharge ceases at this instant and the charge starts to accumulate across the
boundaries of the cavity. The voltage V. starts to build-up due to the increasing value of the
applied voltage V,. Again, the PD collapses at the V3., another PD event takes place and this
activity goes on repeatedly. The PD activity occurs during both positive and negative cycles of

the applied voltage. During PD event the amount of space charge can be expressed as [41]

qo = QC(VBC - V )’ (26)
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Fig. 2.5. Typical PD pulse in electrical power systems (a) mathematical (ideal) pulse and (b) practically
measured typical PD pulse.



where ¢, is also called the actual charge which is distributed within the cavity. The PD event
occurs in the bulk of the insulation material and therefore, subsequently a proportional charge ¢;
is electrostatically induced on the electrode (cable conductor). The induced charge ¢; depends
on the location and magnitude of the actual charge g,. The relationship between actual charge

and induced charge can be obtained by using Poisson's equation implemented in [42]-[44].

The discharge event is extremely fast and accomplishes in a very small fraction (having
nano to micro second duration) of the period of applied voltage cycle. Respectively, the induced
charge is created rapidly during each PD event which results in a high frequency current pulse
induced on the electrode. A typical PD pulse is shown in Fig. 2.5. The mathematical model of
the pulse can be described as

j (t):A(e"’Z’ —e’“"), 2.7

lpulse

where A4 is the peak value of the pulse, a; is the rate of rise-time and «; is the rate of fall-time.
Rise-time of the pulse is an important parameter of PD activity and also determines the highest
frequency components of the PD signal. The typical PD pulse is compared with the practically
measured PD pulse. This (practically measured) PD pulse has been injected from a PD
calibrator into a line shown in experimental setup given in Fig. 2.6. Comparison of both the
pulses shows that practical PD pulse contains high frequency variations which are due line’s
inherent characteristics. The faster the rise-time, the higher will be the frequency required to
capture the PD pulse accurately. The rise-time of PD pulse depends on the drift velocity and the
size of the cavity (the path travelled by the discharged avalanche). For a gas-filled cavity, the

drift velocity v, in cm/sec can be determined theoretically as [45]

v, =1334-10° + 4222 -10° EEJ , (2.8)
P

where E. (kV/cm) is the electric field intensity at PD inception and p is the atmospheric

pressure of the cavity. Hence the rise-time (transit time) 7, is calculated as

T =—<, 2.9)

where /. is the depth of the cavity (void) which is the distance that the charges travel during
discharging event. The Equation (2.9) presents an estimation of the rise-time, however also the
local factors such as temperature and conductivity of the cavity have an impact [46]. For a
cavity of 0.2 cm diameter in two polyethylene films with a void depth of 0.08 mm and 0.12 mm,

the rise-time (7,) of PD pulse is measured as 0.754 ns and 0.991 ns respectively [45]. The fall-



time 7; of the induced PD pulse depends upon the impedance of the cable, propagation
characteristics of the medium (cable system) a given pulse must travel through prior to be
measured, and the impedance of the measuring system [47]. The PD pulse shown in Fig. 2.5
represents a PD current pulse measured at the terminal of an MV cable. The distortions in the
waveform are due to travelling along the line having various electrical parameters and

properties of the measuring sensors.

2.4. Detection of Partial Discharge Signals

Phase resolved analysis (PRA) is a well known technique to identify the type (four types
mentioned in section 2.2) of a PD defect [35]. This type of analysis is made by taking into
account the accumulated PD activity observed during whole cycle of applied voltage. However,
PRA is not useful when a single PD pulse is needed to be analyzed for location or quantization
purposes. In this work, induction sensors are used to measure the individual pulses during the
cycle of operational voltage. Certain features of PD pulses are considered to detect whether
measured pulse is a PD pulse or noise. Practical measurements have been used to demonstrate

the PD detection.

IEC 60270 (High-Voltage Test Techniques- Partial Discharge Measurements) provides a
basic test setup configuration for measurement of PD pulse waveform injected from a PD
calibrator into the test circuit. A similar experimental setup has been shown in Fig. 2.6 where a
PD voltage pulse is injected from a PD calibrator into a line which resulted in a PD current
pulse of 1.5 mA (peak), propagating along the line. The line was matched by its characteristic
impedance at the far end and an induction sensor was used for measurement. As the pulse was
injected from a commercial calibrator, in a noise free environment, it can be considered as of an
ideal kind. The measured PD pulse is shown in Fig. 2.7. A realistic approach is presented next,
using an energized setup in order to observe the PDs generated from a real test object. There are
various visible parameters of PD signals which can be utilized to investigate the PD activity.
The rise-time 7,, fall-time 7} pulse width T, and amplitude /, are related to a single PD pulse
(see Fig. 2.7) whereas phase angle, pulse repetition time, polarity, and wave-shape can be
considered more associated with the overall PD activity (group of pulses) during a period of

power cycle.

In order to measure a PD signal accurately, the measuring sensor should be designed with
compatible sensitivity and bandwidth. Amplitude of the PD pulse refers to estimate the intended
sensitivity of the sensor. Similarly, rise-time, fall-time, and pulse width which refer to the
frequency contents of a pulse signal, provide intimations for selection of a suitable bandwidth of

the sensor. The above mentioned parameters of the PD pulse vary for different types of



insulation in electrical components. Size and type of insulation defect also affects the value of
these parameters. Therefore, a specific value of these parameters cannot be stated. Based on
practical experiences, the amplitude of PD pulses lie within the range up to few milliamperes
while the pulse width ranges between nano seconds to micro seconds. The PD pulse width of
the PD pulse shown in Fig. 2.7 is 120 nano seconds.
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Fig. 2.6. Laboratory setup for measurement of PD pulse from PD calibrator.
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Fig. 2.7. Waveform of the measured (calibrated) PD pulse.

To measure real PDs, a test object shown in Fig. 2.8(a) is energized upto few kV. The
experimental arrangements made in the laboratory are shown in Fig. 2.8(b). The test object
consists of a plate-plate electrodes assembly inside a cubical solid epoxy resins insulation
material. The distance between electrodes is 0.5 cm while there are few air-filled voids within
insulation, between the electrodes. The voltage was applied across the test object, from a 0-
230V voltage supply (variable) through a 230V/100 kV power transformer. A commercial high
current transformer (HFCT) was used to capture the PD signals emitted from the test object at

an applied voltage above the breakdown voltage of the PD source. Capacitor C; and C, make a



voltage divider to measure the applied voltage. PD signals and applied voltage are measured on
high sampling rate digital storage oscilloscope (DSO). For detailed analysis, the data is captured
for a complete cycle of 20 ms. It should be noted that 20 ms is a long duration as compared to
the PD pulse of pulse width in few nano seconds. Therefore, the sampling period is adjusted to

400 ps in order to capture fast PD pulses reliably.

During laboratory measurements such a high sampling rate (small sampling period) can be used
for detailed investigation. However this will cause a large amount of data even for a small
period of time. For example, it has been observed that sampling frequency of 2.5 GS/s
(sampling period 400 ps) requires approximately 70 Mbyte on DSO to store the PD data for 20
ms. The size of the data will be enormous for continuous monitoring, which is an impractical
consideration. For real applications, Nyquist sampling frequency should be observed which can
be determined by the frequency response of the measuring sensor. For a Rogowski coil sensor
of resonant frequency 37.6 MHz (see Chapter 3), a sampling frequency 77 MS/s is suitable
enough to capture the measured signals reliably.
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Fig. 2.8. (a) Test PD object and (b) laboratory setup to captured PD signals emitted from the test object.

Figure 2.9(a) shows the PD activity measured along with the applied voltage. PDs were
captured at 5.7 kV. A group of PD pulses can be seen during both half-cycles of the applied
voltage. Phase angle (0; and 0,) is the phase location of the PD occurring with respect to the
applied voltage. It depends on the location of the cavity. Moreover, it also depends on the shape
and geometry of the electrodes and insulation. There are recognized PD patterns, according to
which certain PD activity is dominant in a specific region of the supply cycle. In case of corona
discharge, the PD pulses can be observed symmetrically around the peaks of the applied
voltage. Similarly in case of surface discharges or internal PDs, a group of PD pulses is visible
during first and third quadrant of the applied voltage [35]. Looking at the Fig. 2.9(a), it can be
seen that a group of PD signals is located in quadrant I and III while quadrant II and IV show

some noise. Therefore, the captured signals agree with internal PDs.
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Fig. 2.9 (a) Phase-resolved analysis of PD activity, and (b) PD pulses during positive half cycle.

Due to the nature of PD process, the cavity charges and discharges take place and generate
multiple pulses as can be seen in Fig. 2.9(b). The time interval between the consecutive pulses
can be termed as pulse repetition time (7,). The time 7, mainly depends upon the electric field
intensity Ep. (kV/mm) at PD inception and the size of the cavity. It has been observed that time
between every two consecutive pulses may not be the same. Similarly, amplitude of each
individual pulse does not necessarily present a linear behavior in a power cycle. It can be clearly
noticed that, rising towards peaks of applied voltage during positive and negative cycle, the
amplitude of PD pulses does not increase or decrease linearly. This is due to partially hysteretic,
time-invariant and non-linear nature of PDs which depends on the effect of space charge,
availability of seed electrons, and local conditions [46], [48]. However, there is a certain range
of this randomness. For example, considering PD activity during positive half cycle, amplitude
of captured PD pulses at an applied voltage of 5.7 kV varies between 2-12 mV whereas at
increased voltage of 7.1 kV this range is observed to be 4-38 mV. Therefore, overall PD activity
exhibits a certain pattern. Figure 2.10(a) shows the signals measured with the help of an

induction sensor. An increased PD activity can be clearly observed at higher applied voltage.



The signals captured by the commercial PD diagnostic ICMsystem [49] are shown in Fig.
2.10(b) which describes the similar pattern in the form of the discharge activity.
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Fig. 2.10. PD signal captured during two different voltage levels (5.7 kV and 7.1 kV) of supply cycle in
the form of (a) PD current pulses and (b) PD charge density.

2.4.1. Polarity

The polarity of the PD pulses is an important factor for diagnostics. The polarity of
applied voltage V, establishes the direction of electric field across the cavity which
consequently determines direction of transfer of charge and hence the polarity of the induced
PD pulse. Polarity of PD pulses emitted during positive half cycle of applied voltage is positive
and vice versa as shown in Fig. 2.11(a) and Fig. 2.11(b) respectively. However, when using
induction sensors for measurement, care must be taken for their installation in order to get the
true polarity of the originated PDs. It could be identified as a valid indication of the presence of
PD activity that all the PD signals in a specific half cycle show the same polarity. This feature
of PD signals will be used to determine the location of the PD defect.
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Fig. 2.11. Polarity of PD signals identification during (a) positive and (b) negative, half cycle of applied
voltage.

2.4.2. Waveform

The simulated and practically measured ideal wave-shape of PD pulse was shown in Fig.
2.5, however the wave shape of PD pulse is significantly affected by the properties of the
medium through which it travels and the properties of measuring sensors. Considering the case
of cables or overhead CC lines, when the induced PD current i, travels along the line,
attenuation, dispersion, reflections and distributed RLC effect of line parameters affects the
wave-shape of PD signals [50]-[51]. When an electromagnetic sensor is used to measure a PD
pulse, its physical and electrical parameters, and operating characteristics come into play. The
sensor measures the PD signal based on its designed sensitivity and bandwidth which affects the
measured signal [47]. All the measuring sensors present the measured signal using a digital
system. PD signals are high frequency signals and need to be captured using suitable data
acquisition system (DAS). The effect of various factors such as noise, amplifier gain and offset,
ADC quantization (resolution error), and other error factors, may limit the accuracy of
reconstructed measured signal [52]. The block diagram describing the influence of the
measurement process is shown in Fig. 2.12. Therefore, the measured signal 7,, can be expressed

as
in= iy K. H(r) (2.10)

where i, is the primary PD signal, while K. is the calibration factor and H(7) is the total effect of

medium and measurement system, expressed as
H(r)=H(r}) H(ry) H(r3), (2.11)

where H(r;), H(r;) and H(r;) are the effects of medium, sensor, and measuring system

respectively.
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Fig. 2.12. Effect of sensor’s measurement system on the captured signal.

Measuring sensors have major impact on the waveform of the captured signals. A sensor
is designed for a certain bandwidth and sensitivity, which further depend upon the type of
applications, i.e., the components where it has to be applied. During measurement (Fig. 2.8), it
was observed that the response of sensor to PD pulses is a specific signature of the waveform.
Figure 2.13 and Fig. 2.14 represent two measurements with different signal to noise ratio. All
the PD pulses in Fig. 2.13 (greater signal to noise ratio) represent a clear signature as shown in
the zoomed view. In case of PDs buried in noise (lower signal to noise ratio), the PD pulses still
can be identified with their signature and polarity, whereas noise is seen as a high frequency
random variation (see Fig. 2.14). Therefore, any pulse during either positive or negative half-
cycle must follow a defined signature to declare it a PD pulse. In case of noisy measurements,
useful signals can be extracted with the help of efficient digital de-noising techniques [53]-[54].
The effect of sensor’s parameters on the measured signal is described in details in [Publication

I-111].

Measured current (A)

25 3 35 fa 45 5 55

(a)

(b)

Fig. 2.13. (a) Strong PD signals having low noise and (b) sensor specific signature (waveform) of each
measured PD pulse.
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Fig. 2.14. (a) PD signal buried in noise, (b) visible signature of PD signal, and (c) high frequency noise
signal presenting no signature.

2.5. Location of PD Defect

Once the pulse is detected as PD signal, it can be used to locate the PD defect on the
distribution line. Time difference of arrival (TDA) is a well known technique for location of PD
faults on a cable or CC line [25]. A PD pulse generated at the fault point P travels towards both
sides of the line and can be captured by the sensors at a distance of X; and X, from the fault
point as shown in Fig. 2.15. The time of arrival of PD pulses at the two ends can be expressed

by the relation as

t,=t +t,, (2.12)

where ¢; and ¢, are the arrival time of the signals at the respective ends, while ¢, is the time

difference between the two pulses. Length /;, of the given section of the line can be written as

X +X,=1, (2.13)
VLV, =1, (2.14)
where v, is the wave propagation velocity of the cable. Continuing (2.14), ¢, can be calculated as

/= (4, + thd)

2
2vp

(2.15)

Therefore, the distance of the PD fault is
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X, =Vt (2.16)

It is important to have accurate value of wave propagation velocity v, of the cable. [Publication
VIII] highlights certain limitations of the methods to determine v,. A new method is also

introduced to find out the v, of MV cables in [Publication VIII].
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Fig. 2.15. Fault location on a cable section, (a) laboratory setup for measurement of TDA and (b) PD
signals measured by sensors at the ends of the cable.

The TDA location technique is employed on a single section of the line of a certain length. For
the lines with longer lengths (multi-sections) or branched (multi-ends) topology, TDA technique
alone is not sufficient. Chapter 4 [Publication VI-VII] deals with the location function of the

diagnostic task in a wider perspective.

2.6. Quantization of PD Defect

2.6.1. Propagation Characteristics of PD Signals

The PD signal induced at the fault point (on cable or CC line) travels away from the
discharge site. Therefore, electrical energy travels along the line in the form of electromagnetic
wave. The propagation characteristics of the PD waves is determined by taking into account the
forward current path, return current path and the insulation between these paths. The insulation
or dielectric between the conductors is polarized by the surrounding electromagnetic field. The
frequency spectrum of electromagnetic waves consists of a wide range of frequencies up to tens
of MHz [55]. The dielectric losses (attenuation) of the line reduce the amplitude of the PD
signal as it travels along the line. The components of the PD signals with different frequency
propagate through dielectric medium with different phase velocities. This is known as
dispersion effect of medium which increases the pulse width and reduces the sharpness of the
edges. Both attenuation and dispersion are functions of frequency components of the PD signal,
the length of the propagation medium (line), and properties of dielectric material [SO]-[51]. In

vacuum, the electromagnetic waves travel at the speed of light. However, there is a significant



reduction in the speed of these signals in insulating conductors, depending on the dielectric
properties of the medium [56]. All the above mentioned effects have critical importance for

accurate diagnostic tasks such as location and quantization of PDs.

In this research, cables and CC lines are used for experimental testing, therefore, PD
propagation is discussed in the similar context. In these lines, the arrangement of live conductor,
return conductor and dielectric insulation between them, depends upon their specific
construction. Figure 2.16(a) represents the cross sectional view of an MV XLPE cable and CC
line. Their parameters can be determined depending on the type of line [57]. The insulation
between the conductors consists of the main XLPE insulation, conductor screen, and insulation
screen. The parameters of the cable take into account its coaxial construction and concentric
cylindrical conductors (cable conductor and shielding) [58]. Overhead CC line has different
type of construction as shown in Fig. 2.16(a). Ground is used as the return path conductor. The
insulation of the conductor and air, determine the total insulation between the conductors. The
insulation of the air depends upon the height of the installed CC line. The parameters of

transmission line model for CC line can be calculated by considering it a twin-lead line [59].

Propagation time in cable can be expressed as

T =—, (2.17)

where [ is the length of under test cable and v, is the propagation velocity of the signal through
the cable. The observed PD signal has considerably shorter pulse duration (7pp) as compared to
its propagation time (7),.). Due to high frequency of the PD signals, the propagation time of PD
signals is less than the pulse width of the signals. Therefore, a power line is described as a
transmission line. The transmission line theory has been well established for high frequency as

well as PD in [58].

When dealing with the propagation of high frequency signals such as PDs, the power
lines are represented as transmission line in terms distributed series impedance Z and distributed
shunt admittance Y. The impedance Z is expressed as Z = R + jwL, where R and L are the
resistance and inductance per-unit length for both conductor given in Q/m and H/m
respectively. The admittance is expressed as Y= G + jwC, where G and C is conductance and
capacitance between both conductors per-unit length given in S/m and F/m respectively. The
distributed parameters of both types of lines are shown with their respective subscripts in Fig.

2.16(b), presenting their electrical models.
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Fig. 2.16. Model of the power lines, (a) physical model of XLPE cable (left) and CC line (right) and (b)
electrical model of XLPE cable (left) and CC line (right).

The relationship of the voltage V(x) between the two conductors of the line, and current /(x)
through the conductor at position x is expressed by well known Telegraph equation in the form

of differential equation as

T
Ox (2.18)
ol (x) W)
ox '

The voltage and current derived from above equations is expressed as

V(ix)=V"(0)e™ +V (0) e,
I(x)=1"(0)e™ -1 (0)e™,

(2.19)

where V' and V" are the forward and backward voltage waves respectively, I and I are the
respective current waves, whereas y is the propagation constant which is an important parameter
to define the effects of line parameters on the propagating signal. Propagation constant is

expressed as

y=\ZY —a+ B, (2.20)



where a is the attenuation coefficient in Nepers per meter (NP/m), which describes the losses of
the line. There are two main components of a: i) the metal losses due to conductor resistance R
and ii) the dielectric losses due conductance G between the conductors. Therefore, a is

expressed as
a=+RG. (2.21)

Attenuation coefficient is highly dependent on frequency components of the travelling signal
and dielectric properties of the insulation material. The conductivity and skin-effect mainly
contribute for resistive losses. Similarly, dielectric loss greatly depends on loss tangent (tan d)

which quantifies the dissipation of electromagnetic energy of the signal into heat [37].

In the above equation £ is the phase constant in radians per meter (rad/m). It describes the
change in phase per meter along the propagation path of the signal. As a general definition, f is

expressed as
B= 27” rad/m, (2.22)

where A is the wavelength of the propagating signal.

2nv @
==, (2.23)
Av v,

B

As f describes the change in phase along the line, it mainly depends on the inductance and

capacitance of the line and is calculated as

p=+LC. (2.24)

A PD pulse signal consists of different frequency components. These components experience
different phase change and hence affect the wave-shape of the signal. Attenuation constant and

phase constant cause attenuation and dispersion effect on the signal.

Wave propagation velocity v, is associated with its electromagnetic field component (in
phase with the current) and is an important parameter to determine the location of the PD
defects [60]. The velocity of these electromagnetic waves in an unshielded copper conductor is

considered to be close to the speed of light (approximately 95-97%), expressed as

= , (2.25)




where €, and g, is the permittivity and permeability of the vacuum. In case of conductor with
insulation, the v, depends on its dielectric properties. For example, the v, of a typical coaxial
cable is about 66% of the velocity of light. The v, in a dielectric medium can be calculated as

P (2.26)

ToeEmu,

where ¢, and u, are the relative permittivity and permeability of the dielectric medium. In case of
composite insulation, multiple types of dielectrics are involved. In a XLPE cable construction,
the insulation, conductor screen, and insulation screen results in a non-homogeneous dielectric
medium. Therefore, effective dielectric constant e, is needed for calculation of v, which
depends on the dielectric constant and thickness of respective type of insulations [56], [61].
[Publication VIII] describes a measurement based method to determine the v, for different

frequencies.

2.6.2. Proposed Method of Quantization

A comprehensive cable model showing the propagation of an emerged PD signal is given
in Fig. 2.17. The dotted line between a-b-c model of PD defect and power line shows a non-
galvanic connection from the defective portion of insulation to the line conductor. As a result of
PD activity, i, is the current transient manifested (at point P,) on the line conductor related to
charge ¢, induced by the actual charge ¢, displaced within the insulation defect. The PD current
propagates away from the PD site and can be measured by an induction sensor as ip
(proportional to gp) at a distance x, from the point of origin. The charge g, can be determined if

the attenuation constant of the cable is known

Fig. 2.17. Cable model presenting a cavity inside insulation and PD current propagating toward
measuring end.



The approximate value of attenuation constant can be determined by a simple
experimental setup as shown in Fig. 2.18. A PD pulse is injected from a pulse calibrator at point
P,. The pulse is measured at point P; and P,. The output of induction sensor is typically

measured as voltage signal. The proportional (PD) current is determined as

i =210 2.27)
A
i(1)= 13() (2.28)

where R, is the input resistance of the DSO. A visible change in amplitude (from peak value i;
to i,) can be seen due to attenuation as shown in Fig. 2.19. The attenuation constant in this case

is expressed as [62], [Publication I].

L ()

2ol = (2.29)

The true information of the PD activity can be determined by charge contained in the PD pulse

which can be calculated by integrating the current as
q ()= j i (f)dt. (2.30)
Calculation of charge respective ¢,(?) and g,(2) results in

(1)

" =k, (2.31)

Therefore, the attenuation constant can be determined as

—20log 9>(0)
o= 17"‘(’) (2.32)

c
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Fig. 2.18. Measurement of PD signals at both ends to determine the attenuation constant.
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Fig. 2.19. Measured PD voltage at cable end P; (blue) and P, (red).

Once the attenuation constant for a specific type of cable is found, the induced charge ¢, (in Fig.

2.17) at point P, can be calculated as

ax,
20

4,0 =g, @) 1 (2.33)
=&

It must be emphasized that the actual charge is not equal to the induced charge. It has been
estimated that usually actual charge is few tens of times larger than the induced charge [41]-

[43].
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3. Design and Modeling of Partial Discharge Measuring Sensor

3.1. Partial Discharge Sensor Technology

The sensor technology is rapidly moving towards electronic, electrical, and digital
instrumentation. A measuring sensor transacts a complete measuring function from initial
detection to final indication of the measured quantity to study or control the phenomenon under
consideration. The initial detection is done by a transducer which is a sensing element and acts
as an interface between measured quantity and sensor. Intermediate signal processing of the
sensed signal is carried out based on the physical and electrical characteristics of the transducer
and the features of the measured signal. Final indication is displayed or recorded with the help

of a suitable DAS.

The measurement methodology of PDs is based on the type of the energy exchange which
takes place during discharges. There are different phenomena which appear during discharges
and give rise to respective detection indicators such as: electromagnetic radiation, sound or
noise, thermal radiation, gas pressure, chemical formation, and electromagnetic impulses.
Electromagnetic radiation can be in the form of electromagnetic radio frequency waves and
optical signals. The energy released is caused due to ionization, excitation and recombination
processes during discharge. Radiometric techniques have been implemented using ultra high
frequency (UHF) receivers (antennas) having bandwidth in few GHz range [63]-[64]. The ultra
violet radiation emitted during PDs can be detected by optical sensors such as photographic
recorders, photo-multipliers or image intensifiers, [65]-[66]. During discharges the released
energy heats the adjacent insulation material which results in a small and rapid explosion
producing sound or noise (acoustic) waves. The amplitude of these waves is proportional to the
energy released during discharges. Piezoelectric effect based transducers or other acoustic
transducers in combination with amplifiers are the most common methods to perform acoustic
measurements in power equipment [67]-[68]. The temperature of the surface of defective site is
increased and can be measured by using thermal sensors, however these techniques have not
been known to be used for PD measurements [37]. Chemical stresses have a significant
contribution in degradation of the dielectric materials and at the same time the discharge process
causes chemical changes in the vicinity of the damaged spot [69]. Due to chemical reaction of
activated oxygen with the insulation, the internal gas pressure decreases as the discharge occurs.
Similarly appearance of by-products such as wax in mass-impregnated cables can be determined

to monitor PDs [37]. Dissolved gas analysis (DGA) is one of the most commonly used chemical



methods for PD diagnostics [70]. Similarly, an important class of PD sensors measures the
electromagnetic impulses. Due to rapid movement of the charges during discharge event,
voltage and current transient appears in the form of electromagnetic waves. These transients can
be measured by resistive, capacitive or inductive methods [16], [71]. According to IEC standard
60270, electrical sensors for PD sensing are normally referred as conventional methods whereas

non-electrical sensors highlighted above are non-conventional methods [72].

The reliability of PD monitoring or diagnostics depends upon the performance of the
sensors applied for measurements. Detailed literature survey of the above mentioned methods of
the PD assessment reveals that the suitability of a sensor type leans on the type of application or
component under test. The compatibility of the bandwidth of the captured signal and sensors,
sensitivity, noise vulnerability, installation of sensors etc are important parameters when
selecting a sensor type [73]. Apart from these parameters, structure of the component under test
should also be taken into account in order to get effective information from the captured data.
The generators, transformers, switchgear, and power lines are the most critical components of

an electrical power network. These power components can be divided into two groups:

Group 1: Closed size components, such as power transformers, generators, motors, and
switchgear, which have a definite size and are positioned at a specific place.
Group 2: Open size components, such as cables and CC lines, which are distributed along a

wider region (few hundred meters up to kilometers).

The scope of PD measuring methods can be determined by their operational attributes.
Electrical sensors methods can be employed around the earth straps, cable terminations, and the
CC lines. These sensors can sense the high frequency PD current along the power line and then
relationship between the captured electromagnetic waves, characteristics of sensors, and
propagation characteristics of the line, can be established. When applied to generators,
transformers or switchgear, electrical methods can be used to detect the presence of PDs.
However, these sensors are not efficient to find the location of the PD defects in these
components due to complex and closed size structure. Similarly, non-conventional techniques
are not popular for diagnostics in cables or CC lines. Therefore, non-conventional sensors are
useful for PDs occurring in the components of Group 1, whereas conventional techniques based
on wave propagation characteristics are more useful for cables or CC lines (Group 2) [73],
[Publication VI-VII]. This work discusses assessment of PDs in power components of Group 2.
Considering the analysis made in [73], reviewed literature and explored features of the induction
sensors (presented in this work), the evaluated performance of PD diagnostic methods for

critical power components is appraised in Table 3.1. The letters D, L and Q in Table 3.1 are



used for detection, location, and quantization of PD fault in the respective components. The
expression D L. Q (in second column) for electromagnetic wave method qualifies that this
method is suitable for detection, location, and quantization purposes in cables/CC lines.
Similarly ‘D’ shows that this method can be used for detection of the PD activity around closed
size components (transformers) whereas for location and quantization, they are not feasible. The
sign ‘-’ shows that the corresponding method is not suitable for any of the diagnostic task (D, L
or Q) for a stated component. The measurement of electromagnetic waves for PD investigation
using conventional (electrical) methods have been considered as favorite tool for PD diagnostics

in cables and CC lines.

Table 3.1. PD diagnostic methods for power components

PD diagnostic ~ Cables/CC lines ~ Transformers GIS Generators
methods
EM-waves DLAQ D D D
Acoustic D DLAQ DLAQ DLAQ
Chemical - D L Q - -
Optical - - - -

3.2. High Frequency Current Measuring Sensors

PD current transients generated due to induced charge at the defective site propagate
towards both ends of the power line. Several current sensing technologies are available for
measurement such as: shunts, current transformers, Rogowski coils, Giant Magneto-resistive
sensors, Hall-effect current sensors, and Magneto-impedance sensors. Taking into account
economic, physical and operational aspects, costs, sensitivity, bandwidth, dc capability,
saturation and hysteresis, linearity, operating temperature, footprint and material technology; the
shunts and Rogowski coil are pronounced as preferred sensors [16]. Shunts have additional DC
capability, however for PD measurements, this aspect is not an important requirement.
Rogowski coils have better bandwidth and the most significant measurement aspect is their non-
intrusive installation whereas shunts have to be in a galvanic contact with the line under test.
Rogowski coil based current probes are being used in power electronics and power system
applications (metering, protection, monitoring, and control) for measurement of current ranging
from few milliamperes to several thousand amperes and with frequency ranging from few hertz
to several MHz [74]-[76]. For applications like PD detection and measurement, the design of
RC is focused for high frequencies up to few tens of MHz [77]-[78]. Various designs of
Rogowski coil have been investigated in this work, however the detailed analysis of the coil

having center frequency at 37.6 MHz is presented in [Publications II-III].



3.3. RogowskKi Coil as PD Sensor

Thinking of the electromagnetic induction sensing, due to similar construction, Rogowski
coil and HFCT are often considered as natural competitors. The conductor carrying current i,(2)
to be measured is considered as the primary winding and the winding with N number of turns is
the secondary winding. Following the Faraday’s law of electromagnetic induction, the measured

output of the sensors coil is the voltage V(z), written as

di (f)
Vit)=-M L=, .
(r) 7 3.1)

where M is the mutual inductance between the sensor winding and primary conductor. Having
similar construction and working principle, there are still certain differences which determine
the specific identity of both (Rogowski coil and HFCT) sensors. Rogowski coil winding is
wound over a non-magnetic air core material whereas HFCT usually has a magnetic core. The
permeability of magnetic core is more than that of air, consequently the sensitivity of HFCT is
higher as compared to that of Rogowski coil. At the same time, due to non-saturable air
saturation of magnetic core, Rogowski coil has better linearity in its output as compared to
HFCT. Moreover due to characteristics of core materials, Rogowski coil has greater bandwidth
than the HFCT. The conventional HFCT have more power consumption due to hysteresis losses
while there are no core losses in case of Rogowski coil, which makes it less power consumption
sensor. The Rogowski coil is wound by adding (in continuation with the forward winding) a
return loop through the center of the core as shown in Fig. 3.1 Return loop provides cancellation
of external magnetic field. HFCT do not have the return loop in its construction. These
attributes makes the Rogowski coil a preferred sensor for PD applications. Therefore, eq. (3.1)

is modified for Rogowski coil (having voltage output V,.(z) and mutual inductance M. as

di (f)
V (t)=—-M —2Z=, .
(t)=-M, - (3.2)
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Fig. 3.1. Rogowski coil installed around primary line for measurement of current.

3.4. Modeling of Rogowski Coil for PD Measurements

Several designs of Rogowski coil measuring sensor can be found in the literature.
Transforming a transducer into a measuring device, there are several design stages. In all
sensors the coil winding element is practically the same (having different dimensions and
shapes) as the conventional design described above. However, the remaining design stages,
which constitute the signal processing and integrator in order to get the actual primary signal
accurately, have different approaches. Few design approaches can be studied in [79]-[82]. In
this work, the Rogowski coil measuring system has been organized in three major components:
sensing, damping, and integration, as shown in Fig. 3.2. Primary current is detected or sensed by
the current sensor which is the wound coil termed as Rogowski coil head. The output of the
Rogowski coil head is proportional to the derivative of primary current along with additional
signals (in the form of oscillations) introduced by the electrical properties of Rogowski coil
head. Damping component minimizes the presence of unintended oscillations. A suitable
terminating resistance is selected as damping resistor. The last component is the integrator

which is essential to recreate the wave shape of primary current.

Current x| Damping
sensor ”| component L s

v v \
Rogowski coil Terminating Digital
head resistor integrator

Fig. 3.2. Essential components of Rogowski coil measuring system.



Defining these three components, the Rogowski coil sensor is termed above as
‘Rogowski coil measuring system’, in order to emphasize that Rogowski coil sensor is not only
a wound coil but have other necessary components making it a complete measuring system. The
Rogowski coil head can be used for detection of the primary signal while measurement (actual
waveform of the signal) requires the design of the Rogowski coil head with the damping and

integrating components.

The three components of Rogowski coil measuring system are implemented in four
stages (1, 2, 3, and 4) as shown in Fig. 3.3. The design of the hardware of Rogowski coil head
as sensing element is the first stage. The second stage begins with the identification of the
electrical model of the Rogowski coil. The electrical model and its behavior are analyzed for
selection of the suitable terminating (damping) resistance for proper damping of the signal.
Third and fourth stage is the implementation of the integrator with the help of DAS. The main
purpose of the DAS is to capture the measured data at suitable sampling rate so as to avoid any
loss of information of such high frequency current signal. Digital integration technique is used
to integrate the sampled signal. Calibration is done by a factor K, considering the mutual
inductance, and removal of the difference (error) between the expected and measured output. A

DSO is normally used as the display with built-in DAS and digital integration tools. The stored

data can be transferred to PC for detailed analysis of the measured signal.
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Fig. 3.3. Laboratory implementation of Rogowski coil measuring system.



3.4.1. Geometrical Model of Rogowski Coil Head

The main geometrical parameters of the Rogowski coil are core diameter, internal and
external diameters of the coil (which determines the mean diameter of the coil), diameter of the
wire used for winding, and the number of turns of the winding. The physical model of the coil
prototype designed in this work is shown in Fig. 3.4 whereas the geometrical parameters are

stated in Table 3.2.

Fig. 3.4. Geometrical model of designed Rogowski coil.

Table 3.2. Geometrical parameters of the designed model of coil.

Model parameter Symbol Specification
Number of turns N 30

Outer diameter of coil d, 16.1 cm
Inner diameter of coil d; 14.1 cm
Core diameter d,. 1.9 cm
Mean diameter of coil d, 15.1 cm
Diameter of the wire d, 0.085 cm

3.4.2. Electrical Model of Rogowski Coil and Damping Component

Every piece of wire has resistance and inductance while every two wires present some
capacitance between them. Electrical behavior of this electromagnetic device can be well
explained by developing its electrical model. Lumped parameter model is shown in Fig. 3.5

where R., L., and C,. are structure-based inherent resistance, inductance and capacitance of



Rogowski coil. These parameters direct the electrical behavior of the coil while responding to
signals to be measured. The mathematical expressions to calculate these parameters are
presented in [16], [18], [83], based on geometrical parameters of the Rogowski coil. However, it

turns out that the formulas presented are not very precise when accurate results are needed.

There are various factors which cannot be taken into account while applying
mathematical expressions for calculating the electrical parameters of Rogowski coil. Non-
uniform turn density, imperfect central position of the return loop, non-uniformity of core or
deformation of the circular cross section into oval when bending the flexible coil into closed
path, all can cause some geometrical deviations between a manufactured (ideal) and used
Rogowski coil. During operation at high frequencies, the phenomena such as skin and proximity
effect cause non-uniform distribution of current within the conductor which causes parasitic
inductance and capacitance. It is justified to consider these parameters as functions of coil
geometry and frequency [17]. Furthermore, the response of a Rogowski coil measuring system
also includes the effects of measuring components and devices, as shown in Fig. 3.5. Using
simple mathematical formulas (meant for ideal shape of Rogowski coil) can cause
miscalculations for determining the inductance and capacitance of Rogowski coil especially for
high frequency phenomena. In [Publication II], a measurement based method is presented to
determine the coil parameters in an operating environment. These measured parameters are

given in Table 3.3.
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Fig. 3.5. Measurement system using Rogowski coil head.

The output of Rogowski coil is observed by a measuring system having resistance R,, (R,
=1 MQ, DSO in this case), capacitances C.; and C, of coil cable, and differential probe,
respectively. The voltage V,.(t) is induced in the Rogowski coil while V,(t) is the voltage

collected at the terminals of the Rogowski coil measuring system, expressed as



1

V,(s) = LeC V,.(5). (3.3)

L
s2+;( ©+RC.)s+ ! (=< +1)
L(f CL'S Rm LL' cs Rm

di (t)
dt

where I/:‘C(S)L—"ﬂ/w(z) =-M, and C, is the overall capacitance of the measuring

system as calculated in Table 3.3.

Table 3.3. Electrical parameters of the designed model of the Rogowski coil.

Parameter Symbol Value of the
parameter
Self-resistance of coil R, 0.71 Q
Self-inductance of coil L, 1.19 uH
Self-capacitance of coil C. 5.16 pF
Probe capacitance G, 2.42 pF
Capacitance of coil cable Ceap 7.1 pF
Capacitance of coil system Cos=Cet+Cy+Copp 16.46 pF
Mutual inductance M, 125.4 nH
Self resonant frequency of coil fe 64.6 MHz
Operating resonant frequency of coil system Joc 37.6 MHz

The sensitivity and resonant frequency are the key performance factors of a Rogowski coil. The
sensitivity can be determined by eq. (3.3) and the resonant frequency f,. of the coil system can

be expressed as

1

= 34
fe 27\ L.C,, G4

The response of Rogowski coil measuring system was analyzed by experimentally
described in [Publication II-III]. The setup was based on the measurement of a PD pulse
injected from a PD calibrator into a primary conductor as shown in Fig. 3.6. The captured
response of Rogowski coil was presented in time and frequency domain (see Fig. 3.7). The PD
current pulse shown in red color in Fig. 3.7(a) is measured by a commercial HFCT. The HFCT
is used as a reference measuring sensor. The oscillating signal (blue color) in Fig. 3.7(a) is the

output of the Rogowski coil in time domain. The signal shown in Fig. 3.7(b) is obtained by fast



Fourier transform (FFT) (showing operating resonant frequency of coil system 37.6 MHz) of
the captured signal. The oscillating response is due to 2™ order RLC parameters of the
Rogowski coil. Based on circuit analysis theory [84]-[85], the oscillatory response of the
Rogowski coil can be expressed in terms of forced and natural response as presented in

[Publication IIT]

V() =V, (0)+V,.(6)-¢ = sin(a,1- 1), (3.5)
where &and @, are the damping coefficient and resonant frequency (in rad/s) of Rogowski coil,

respectively. Damping coefficient ¢ depends on all the four parameters of the Rogowski coil

(L..C., R., and R,,). As derived in [Publication ITT], £ can be expressed as

1 L
=—|—<+RC_|. 3.6)
¢ 2w, L, C, [Rm ¢ “]

Here L., C,, and R, are fixed for a certain geometrical design of coil, however measuring
resistance R,, can be varied by an additional terminating resistance Ry across the terminals of the

Rogowski coil. This modifies the expression for { presented in eq. (3.6) as

1 L
& ((RTIIR,,,) +R.C, ] (3.7)

B 2 wC LC CCS

Fig. 3.6. Laboratory setup for measurement of PD signal with commercial HFCT and designed Rogowski

coil.
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Fig. 3.7. Measured response of Rogowski coil, (a) time domain plot and (b) frequency domain plot.

The output of Rogowski coil is critically damped if { = 1 In order to get such response of the

coil, the required value of Rr is derived as

R, = L. , (3.8)
26w L.C. —RC.

ces

It should be noted that R is expected to be considerably smaller than R, therefore,
R,|R,~R,.
Based on the parameters described in Table 3.3, it turns out that for equivalent circuit of the coil

shown in Fig. 3.5 (including a parallel resistance Ry with R,,), the suitable value of terminating

resistance in terms of characteristics impedance of the coil Z, is

R =% 1750 (3.9)
2
where 7 —_ 1 (3.10)

Effect of Terminating Resistance

The effect of Ry has been analyzed in detail in [Publications III]. During practical
investigation, different values of Ry were connected to observe the behavior of V,(?). A route

locus map is presented in [Publication II], to quantify the effect of variation in Rr on the



location of complex poles. The oscillations in the V,(¢) are due to charging and discharging of
the coil inductance and capacitance, in the presence of high resistance (R,=1 MQ) at the
terminals. The behavior of the different currents through RLC components (shown in Fig. 3.8)
of the coil was analyzed. The current i,,; is the current through series parameters R. or L, the
total current induced in Rogowski coil winding. Furthermore, i., igr, and iz, are explained in

Fig. 3.8. It is known that
R, <<R,,

therefore,

Ipr >>1g,,

which results in

ST Ty S (3.11)
-
+
M, — —
¢ , : V,(t
Y IRT‘, I[-’nﬁnw ]L
4
i s
0|~ Rr§ Ruf
b4 3

Primary current

Fig. 3.8. Rogowski coil model representing current distribution in various components of coil.

Analyzing the Effect of Terminating Resistance Using Simulated Model of
Rogowski Coil

It is not possible to measure the current through non-physical RLC components.
Therefore, simulated model is used for this purpose. The Rogowski coil is simulated in ATP-
EMTP environment as shown in Fig. 3.9. In the simulation model, experimentally measured PD
pulse is used as primary current. The block B1 is the PD source injecting the PD pulse into the
line. Block B2 represents the current sensing by Faraday’s law of electromagnetic induction.
Block B3 represents the model of Rogowski coil head, using measured parameters given in
Table 3.3. The details can be found in [Publications III]. For certain values of Rz, the measured
currents are shown in Fig. 3.10. Each plot in Fig. 3.10 shows the above mentioned three currents
(icoit» ic» and igy). It can be observed that when Ry is decreased, irr(?) increases and i () starts to
decrease. This reduces the capacitance current which results in minimized amplitude of the
oscillations due charging and discharging of C. and L.. The coil can be seen as behaving more
like an RL or inductive circuit. This results in decreased oscillations in the output current and

hence in the output voltage.
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Fig. 3.9. Simulated model of Rogowski coil using ATP-EMTP.
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Fig. 3.10. Each plot represents the current i, i, and igr through the components of L., C,, and Ry of
Rogowski coil respectively for different value of R as; (a) Ry= IMQ > Z, (in this plot i.,; and and i, are
equal currents), (b) Rr=Z., (¢) Rr=Z,/2 and (d) Ry <Z./2.

3.4.3. Integrator

The conventional means of performing integration of the output of Rogowski coil are by

an electrical or electronic integrator, and self-integration [19], [83]. In this work numerical

61



integration is used after the coil output voltage is digitized. Numerical integration can be
expressed as

(3.12)
i,(6)=—K. [V, @),
where K. = 1/M, is called mutual inductance factor. An error constant K, is used to fine-tune the

output of the coil sensor by removing the error between obtained output i, and expected output

i,. The error factor is determined as

K, ==, (3.13)

therefore, the final output becomes

i,()=~(K K )|V, @0, (3.14)
where K = K, K, is the calibration factor of the Rogowski coil measuring system.

There is a broad family of numerical algorithms to compute the definite integral. A
method known as trapezoidal rule which in general is considered as having faster convergence

in particular cases of rougher signals is chosen in this work. This is calculated as [86]

P (N)=K [,-,,(N_l)+%[m(1v_1)+ v (V)] N> o} (3.15)

Js

where f; is sampling frequency and N is the order number of sample. In laboratory setup, the
DSO is used for digital integration. In the simulated model for implementation of the digital
integrator, the model shown in Fig. 3.9 is modified by adding a built-in block B4 as integrator in
Fig. 3.11. The step wise output of each individual component of the Rogowski coil measuring
system is shown in Fig. 3.12. The signal shown in Fig. 3.12(a) is the output captured at the
terminal of Rogowski coil head. The signal shown in Fig. 3.12(b) is captured across the
damping component and Fig. 3.12(c) represents the integrated signal as final outcome. The
designed model of the Rogowski coil measuring sensor is compared with the output of
simulated model and that of HFCT in Fig. 3.13. The comparable performance of the designed
coil validates it for high frequency PD measurements. The Rogowski coil has also been used for
the measurement of real PD signals (see [Publication II]) in the laboratory. The simulation
model analyzing all the development stages of the Rogowski coil from a transducer to a

measuring device has been presented in [87].
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Fig. 3.11. Simulated model of Rogowski coil with damping and integrating components.
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Fig. 3.12. The stage wise shape of the signal captured at, (a) the output of Rogowski coil head, (b) the
output of the damping (terminating) resistor, and (c) the output of integrator.
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Fig. 3.13. Validation of the performance of designed model of the coil with simulated model of the coil
and commercial HFCT.




3. 5. Influence of Resonance on the Performance of Rogowski Coil for
Partial Discharge Measurements

Measurement of pulse phenomena is a complex task. A pulse contains signal components
in a wide range of frequency. The reliability of the measurement depends on how accurately the
different frequency components of a signal are measured. Resonance in induction sensors is an
important phenomenon to determine the frequency characteristics and bandwidth of the sensor.
The coil sensor can operate in different modes of resonance. It is important to identify the
suitable mode of operation to achieve better sensitivity and bandwidth. Sensitivity can be
defined as the output voltage induced at the terminals of Rogowski coil due to change in
primary current at a specific frequency. Bandwidth is the frequency range over which the sensor
provides relatively high sensitivity. The [Publication II-III] (summarized previously in this
chapter) includes analysis of various aspects of coil’s captured signals in time domain. This
section presents the analysis of operating modes in frequency domain regarding coil’s

sensitivity and bandwidth.

Practical measurements have confirmed that the PD pulse shown in Fig. 3.13 is identical to
the pattern of actual PD waveform. The reference PD waveform is measured by an 80 MHz
(bandwidth) commercial HFCT while the Rogowski coil is designed for a resonant frequency of
37.6 MHz which reliably measures the reference PD pulse [Publication II]. In [Publication IV],
a Rogowski coil with a resonant frequency of 37.6 MHz is analyzed to study its frequency

response under different scenarios of damping and integration and is discussed as follow.

Common to RLC circuit of the coil, its transfer function is a second order function which
can have significant oscillations in its response to high frequency transient pulse, provided that
the sensor loading is light ( for example 1 MQ resistance of DSO). This operation of coil is
termed as under-damped mode. The magnitude transfer plot of the coil is shown in Fig. 3.14.
The effect of differentiation is clearly visible in this plot. As the frequency increases, the
transfer rate also becomes higher. The rate of change of 20 dB/dec reflects that the amplitude
transfer will increase 10 times when frequency is increased by 10 times. The resonance clearly
occurs at frequency 30 MHz, where the magnitude transfer will see a sharper and significant
increase. For frequencies above the resonant point, the magnitude transfer will decrease with
rate of —20 dB/dec, presenting a filter for the higher frequency components. Figure 3.15 shows
the Phase transfer plot describing the phase shift of 90 degrees for the lower frequency range
(below resonant frequency), as a result of the differentiation. This will be turned by 180 degrees
at the resonant frequency, effect caused by 2 poles in the same location, with every pole

providing total of 90 degrees phase shift [Publication IV].
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Fig. 3.14. Magnitude transfer plot for Rogowski coil loaded with high-impedance (1 MQ), with resonant
frequency of 30 MHz.
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Fig. 3.15. Phase transfer plot for Rogowski coil head loaded with high-impedance (1 MQ), with resonant
frequency of 30 MHz.

Considering the loading of the coil by different terminating resistances Ry, which offer a
certain extent of damping, the resonant operation of Rogowski coil can be divided into three
modes: under-damped, critically-damped, and over-damped. The presented (Fig. 3.14 and Fig.
3.15) response of the coil describes the under-damped mode without loading (Rr = ). The
comparison of the magnitude transfer function of the three resonant damped modes is made in
Fig. 3.16. The plot has been normalized so that the damped mode provides highest transfer rate
of 1(0 dB). The sharp increase of oscillations at 37.6 MHz is critically-damped. The over

damped response provides lower transfer rate than the other modes.
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Fig. 3.16. Comparison of resonant modes of coil’s operation with damping resistor.

The absolute sensitivity of the sensor can be described better by integration of the
resonant modes. In damped-resonant modes, the output voltage of the sensor increases linearly
with the frequency of the components, whereas the damped and integrated output (see Fig. 3.17)
is rather independent of the frequency of the particular frequency components. The time domain
plots of the damped and integrated outputs are shown in Fig. 3.18. It can be seen that critically-
damped integrated output matches best with the waveform of the original signal. It is concluded
that resonant mode is not suitable for accurate measurement, since it emphasizes the frequency
components near resonant point and the oscillations are even present in the integrated signal.
The over-damped mode provides a better high frequency response especially during rising edge
of the transient pulse. However, due to limited low-frequency response, the trailing edge of the
waveform is not measured accordingly. It is more feasible to use the coil in critically-damped
mode. It has been identified that the resonant frequency determines the bandwidth of the coil
sensor. The response of the coil in critically damped integrated mode is constant up to resonant
point, whereas after the resonant point the transfer rate drops at -40 dB/dec which means drop in
output as 100 times per frequency increase 10 times. Different approaches to analyze the

frequency response of coil sensors have also been studied in [88].
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Fig. 3.17. Comparison of resonant modes of coil’s operation with damping resistor and integrator.
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Fig. 3.18. Comparison of measurement performance of Rogowski coil in different modes of operation.

3.6. Significance of Geometrical Parameters of Rogowski Coil to Predict
its Electrical Response

For real applications, there are different designs of Rogowski coil sensors with respect to

geometrical dimensions and electrical performance [89]. The variation in size (dimensions)

directly affects the key performance parameters of the coil i.e., sensitivity and bandwidth.

Resonant frequency (center frequency) is taken as the main component of bandwidth as

explained previously. In this work, various geometrical designs are investigated for

measurement of PD signal and their performance is compared in terms of sensitivity and

resonant frequency [Publication V]. As the sensing part of this device is the coil winding

therefore, Rogowski coil head (without damping and integration) is used for this analysis.

The variation in parameters (see Table 3.4) such as core diameter d,., coil diameter d,,
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diameter of the copper wire d,, used for winding, number of turns &, and type of the return loop
(return conductor and return winding), has been experimentally investigated. The symbols are
labeled in (Fig. 3.4) to represents respective geometrical parameters. The coil 4 is taken as the
reference coil whereas the test coils (B, C, D, E, and F) are having the parameters different from
coil 4. Each test coil has been analyzed to determine the effect of variation in a specific
parameter as described in Table 3.4. Based on experimental analysis, the percentage variation in
a geometrical dimension and its effect on sensitivity and resonant frequency is quantified in
Table 3.5.

Table 3.4. Different design of Rogowski coil with respect to geometrical parameters

d, d; d,. d,, d, Parameter
Coiltype  (mm) (mm) (mm) (mm) (mm) variation

155.0 131.0 12.0 143.0 0.85 30  Reference coil
160.0 126.0 17.0 143.0 0.85 30  Core diameter
107.6  83.6 12.0 95.6 0.85 30  Coil diameter
155.0 131.0 12.0 143.0 0.85 60  Number of turns

155.0 131.0 12.0 143.0 0.65 30  Wire diameter

N N D A W oA

155.0 131.0 12.0 143.0 0.85 60  Return winding

Table 3.5. Analysis of the effects of changes in geometry of the Rogowski coil

Name of parameter Change in Sensitivity Resonant
parameter frequency
Core diameter (d,.) 41% 1t 100% 1 16% |
Coil diameter (d,,) 97% | 100% 1 13% 1
Wire diameter (d,,) 20% | ~0% =0 %
Number of turns (N) 100% 1 100 % 1 33% |
Type of windingR.L RW ~0% 26 % |

* R.L - return loop, R.W- return winding

The presented analysis provides a quantified assessment of the behavior of the Rogowski
coil for any change in its parameters. For certain application, if required is the change of a
specific dimension of the coil, the expected change in sensitivity and frequency response can be
compensated by introducing a proportional change in some other parameters. Similarly, the

alteration in design can be made for required performance of the coil.



3.7. Discussion

Reliable condition monitoring of power system components depends upon accurate
measurement of the fault indicating signals. Therefore, performance of the measuring
equipment plays a key role to execute predictive maintenance plan in order to avoid incoming
PD menace. Suitable design of sensor reduces the risk or ambiguity which may arise during
personal assessment of the measured signal. The different type of power components like: CC
lines, cables, transformers, generators, motors, and switchgear, emit PD signals in different
range of amplitude and frequencies. Therefore, the same design of a Rogowski coil with respect
to most important performance indices i.e., sensitivity and bandwidth, cannot be used for all
types of PD applications. A coil with inappropriate bandwidth will attenuate the significant
portion of a PD pulse having frequency contents above or below the bandwidth of that coil.
Similarly, a coil with lower resonant frequency will result in a measured pulse with slower rate
of change and greater pulse width. To illustrate the fact, Table 3.6 and Table 3.7 present two
different designs of coils to measure the same PD pulse. Figure 3.19(a) shows the resonant
frequency of both coils while the measured output of both coils is given in Fig. 3.19(b). Slower
response of coil 2 can cause inaccuracies. Therefore, further calculation (area of the pulse) to
obtain the amount of apparent charge for estimation of the PD intensity will not be reliable.
Hence the design of a Rogowski coil should be determined based on its specific applications,

keeping in mind the estimated frequency range of PD signals.

Table 3.6: Parameters of Coil 1 Table 3.7: Parameters of Coil 2
Symbol Specification Symbol Specification
d, 155 mm d, 155 mm
d; 131 mm d; 131 mm
d,. 143 mm d,. 143 mm
d, 0.85 mm d, 0.85 mm
N 30 N 60
x10°3
%6 : . - PD pulse coil 1 1 3(5) ggmafy PD pulse |
)= i PD pul i12 = pulse coil 1
: .f;Z 26.8 | /,"1 =60.7 puse ?01 < i PD pulse coil 2
= 4 e i < 10 : : : e
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Fig. 3.19. . Comparative performance of different designs of coils for PD measurement. (a) Frequency
response of the coils and (b) measured signal by the coils.



In real cases the measurement of a PD pulse in the form of a typical wave shape is an
optimistic expectation. Such criterion is essential to follow while designing the coil where
calibrated PD pulse is used. A proper pulsed wave shape is most likely in the case, too, if the
line through which PD signal is propagating, is properly terminated i.e., by using a terminating
impedance equal to the characteristics impedance of the line. For real applications this is
possible when making off-line PD investigation by disconnecting the line from the network for
proper termination. However, in on-line applications such condition may not exist. Therefore, a
realistic approach is needed for assessment of the PD activity. Electrical model of power lines is
represented by RLC (distributed or lumped) parameters. Due to mutual effects of the line’s RLC
model, the oscillations are superimposed on the propagating PD signals. In this case, the PD
signal will most likely be measured as an oscillatory waveform. As elaborated in Chapter 2, the
rise-time of a measured PD signal is characterized by the properties of PD defect whereas fall-
time can significantly be affected by the properties of the line through which the signals is
propagating. Therefore, the closest approach is to consider the first peak of the measured signal.
The corresponding peak value can proportionally provide the apparent charge to estimate the
PD intensity. Consequently, the induced charge can be obtained if the attenuation constant of

the line and location of the PD fault from the measuring sensor are known.



4, On-line Condition Assessment of Distribution network

4.1. Power Distribution Network

The factors such as: enhanced asset management, improved power quality, reduced
interruptions, and advances in technology (digital and wireless) make a way for smart solutions
in the modern power grids. The presence of PDs in an electrical equipment is the confirmation
of its insulation degradation. Location and extent of PDs determines the expected remaining life
of the insulation. This leads to carry out corrective actions timely. Achieving the above goals
means a leap towards the predictive maintenance and self-healing networks. This is one of the
objectives of smart distribution networks. This chapter presents a comprehensive technique for

PD location in a distribution network.
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Fig. 4.1. MV network representing CC lines and cables for distribution network.

A distribution system is the final stage in the delivery of electricity to the consumers.

The industrial or commercial consumers generally are connected to the primary substation
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(HV/MV transformer) at distribution voltage (MV) level. The residential consumers are
connected to the secondary substations (MV/LV transformers) at LV level. The feeders
emanating from primary substation can be underground cables, overhead bare conductors,
overhead CC lines, or combination of these. The topological configurations of the feeders are
different in different regions of the world. A practical network feeder may consist of single or
branched line network. Considering the example of the United States, three phase main feeders
carry power from primary substation to secondary substations, and are typically 13-24 km in
length. Three phase and single phase primary laterals (branches) are tapped from the main
feeders and these branches can extend several kilometers from the feeder. Primary system
normally tends to be overhead when possible and underground when required. Similarly, typical
urban underground cable network in UK has a number of branches tapped from the main cable
feeder [90].

Figure 4.1 represents a 20 kV distribution network supplying the power by using CC
lines with the probability of trees falling on the line causing PDs [41]. The transition between
the overhead line and underground cable can be seen in the figure. Leaning trees are no more a

threat for underground cable, however, the cables have their own PD causes [91]-[92].

4.2. PD Location Techniques

Power components in a distribution network are located in a wide geographical region. In
large substations, voltage is transformed down to MV level (1 kV...36 kV) and a number of
feeders (typically 10-30) are connected to the bus bar [93]. As mentioned above, an outgoing
feeder is usually not a single cable, but divided into a number of sections and branches of cables
that are interconnected through ring main units (RMUs). These cables contain a number of
joints, terminations, cables of different lengths and impedances. The cables are connected in
straight and branched topologies. PD faults can be located anywhere (bus bar connections,
switching components, transformers, cables, CC lines, joints, and terminations) within the

network.

The most frequently used PD fault location techniques such as time-domain
reflectometry (TDR) [24], time of arrival analysis (TOA) [25], and frequency-amplitude
analysis (FAA) [27], are most often applied on a single section of the line or cable. These
techniques are useful for single section of CC line or cable, however due to certain limitations
described in [Publication VII], they are not suitable for multi-section or branched cable or CC
line networks. In this study, the section is referred to a line of specific length or a branch of line
in distribution network. Basic challenges of PD investigation in branched line networks have

been described in [30], still there is a lack of research work for location diagnostics in such type



of network topologies. In this work, a new and simple two-stage location technique is proposed
for branched cable networks. The first stage is to detect the presence of PD activity around and
to identify the section or branch of the line containing the PD fault. This stage is based on
direction of arrival (DOA) detection technique. The same PD pulse starting from discharge
location propagating to different branches is detected by directionally calibrated induction
sensors (Rogowski coil or HFCT). Consequently the comparison of the signals captured by
sensors identifies the faulty section. The second stage is to determine the fault location on the
identified section using one of the above mentioned conventional (TDR, TOA or FAA)
techniques. The second stage of this technique has already been well studied, therefore, the

focus of the presented work is in the first stage.

The DOA technique has been developed in three stages. The first stage is the directional
calibration of Rogowski coil sensor, presented in [Publication VI]. The second stage (presented
in [Publications VI-VII]) is the identification of the faulty section in single route line and
branched route line, using directionally calibrated sensors. The DOA based identification works
in the similar manner in CC lines and cables. Therefore, one type of line is considered to
describe the identification task for one type of route. The MV CC line is considered for single
route line [Publication VI] whereas MV cable is used for branched route line [Publication VII].
The integration of the DOA technique over a cable feeder is proposed as the third stage in
[Publication IX]. In this chapter, the proposed integration scheme is enhanced using ATP-
EMTP simulation environment. Based on simulation results, intelligent algorithm is proposed

for automated PD fault identification in the network.

4.2.1. Directional Calibration of Rogowski Coil

The directional calibration of Rogowski coil is made by using the polarity of measured
PD signals in order to determine its DOA. The PD pulse provides the information of ongoing
PD activity. Based on the waveshape, area of the pulse estimates the apprent charge, and peak
of the signal determines its polarity. Accuracy of the charge estimation depends upon how
accurately the wave shape is measured and the sensor is calibrated. According to IEC 60270, in
general, the first peak value of the captured PD signal can be assumed to be proportional to the
apparent charge and polarity of the PD pulse [72]. Therefore, the first peak can be used for both
charge estimation and identifying the polarity. This alternative provides an option to use the
Rogowski coil in its basic form i.e., Rogowski coil head without damping and integration. In
this form the response of Rogowski coil to a PD pulse will be similar to as shown in Fig. 3.12(a)
and is sufficient for PD location purpose as polarity of signal is the only requirement for DOA

technique. The purpose of using the coil in its basic form is to save additional components or



processing such as termination, integration, and calibration of the coil. However, considering
the practical scenario where the installation of such sensor system is itself have a comparable
economic burden therefore Rogowski coil along with its accessories (additional compnents) can
be used as a better trade-off. It should be kept in mind that coil calibration and directional

calibration are different tasks as stated previously.

4.2.2. Polarity Based Assessment of DOA of PD Signal

As mentioned in Fig. 2.11 (Chapter 2), positive and negative polarity PD pulses are
emitted during positive and negative half cycle of the applied voltage respectively. In addition
to the operating principal (Faraday’s law of electromagnetic induction), the output polarity of
Rogowski coil depends on the direction of arrival of signal, its polarity, and connection of

output terminal of the coil with the oscilloscope as shown in Fig. 4.2.

A Jio

connect;)r
(e.g. BNC)

Fig. 4.2. Operation of Rogowski coil to represent the direction of primary current, face of coil, and
connection of the terminals.

The experimental description of directional calibration is described in [Publication VI].

The important aspects of calibration are briefly described as follow

o In Fig. 4.3 there are two possible locations of PD fault, either within the section Q,Q or
Q,Q, whereas Q is the location of the coil.

e Considering the geometry of the coil, the face illustrating a clock-wise progression of
the coil winding, is designated as face 4 of the coil whereas the opposite face showing
an anti-clock wise progression of the coil winding and is designated as face B.

e The starting and return end of the winding conductor is designated as terminal T, and T,
respectively, as shown in Fig. 4.2.

e PD arriving through face 4 of coil is measured as positive pulse, and vice versa (see

Fig. 4.4).



e If the polarity of the PD pulses measured during positive cycle of the applied voltage is
positive, the direction of arrival of the PD signals is through face 4 of the coil.
Therefore, PD source lies within section Q,Q of the line as shown in Fig. 4.3.

o If the polarity of the PD pulses measured during positive cycle of the applied voltage is
negative, the direction of arrival of the PD signals is through face B of the coil.
Therefore, PD source lies within section Q,Q of the line as shown in Fig. 4.3.

o In the above, the polarity of measured PD signals is analyzed for positive pulses
emitting during positive half cycle of the applied voltage. The analysis is equally valid

for negative pulses appeared during negative half cycle.

Q2

Face B of coil

Face A of coil

Fig. 4.3. Calibration of Rogowski coil to detect DOA of PD signals.

x10°
21 -
-1 i
> "
S £ Il A .': M
E % 0r '-’r‘."'.'u""“m
= -1
= = Z I
S = S,
o~ | |
i, 51300 5.1308
< & Number of samples x107
E § X107 (b)
gb g 2 T
g =z _ ben dii
G B > 1 ] VY LW A
S £ Iy \J
- = %0 .
= g
& i |
~ >
o 2 b ]
5.1300 51308
Phase angle Number of samples x10
(©)

(@

Fig. 4.4. On-line PD signal captured at energized CC line during directional calibration of Rogowski coil.
(a) The PDs captured during one power cycle, (b) pulse captured for PD source along the section QQ;,
and (c) pulse captured for PD source along the section QQ,.



4.2.3. ATP-EMTP Model of Rogowski Coil

The ATP-EMTP is a digital simulation software for analysis of transient phenomena in
electrical power systems. This program provides models for large number of power components
which can provide accurate response over a wide frequency range. High frequency geometrical
model of Rogowski coil, identification of its electrical parameters, and model validation in
ATP-EMTP are presented in [Publication II-III]. In continuation to the previous work done by
the authors, this section modifies the simulated model of Rogowski coil as directionally

calibrated sensor to identify the DOA of a pulse.

Dot convention

iro A \ 0

il ™. Induction
sensing element

Output cable

Rosc

Vo

Fig. 4.5. Simulated model of Rogowski coil for DOA identification.

The practical measurement scenario shown in Fig. 4.3 has been simulated by the model
in Fig. 4.5. Inductive sensing element is obtained with the help of single phase transformer. The
current carrying line is the primary whereas coil head is the secondary winding of the
transformer. Based on measurements, magnetization relation is established as linear due to non-
saturable core of the Rogowski coil. The dot convention is used to define the relative polarity of
the transformer’s winding. Positive pulse entering through the dot-end of primary winding
induces positive polarity voltage at the dot end of secondary winding and vice versa. Terminal 4
and B of the transformer represent face 4 and face B of the Rogowski coil respectively. The

components R= 0.7 Q, L.= 1.19 pH, and C.,= 16.45 pF, are the measured parameters as given



in Table 3.3. The output voltage V, of the coil is measured using a high sampling rate (2 GS/s)
DSO with R, = 1 MQ being the input resistance of oscilloscope. The CC line is modeled as
given in [41]. The simulated model has been validated for assessment of DOA as described in

previous section.

4.3. Identification of the Faulty Line Section

The use of CC lines is increasing due to their improved reliability as compared to cables
and bare conductors. In normal conditions, relative to cable, the failure density of bare
conductor lines is 4.92 times/100 km/year, whereas in CC lines the failures leading to customer
outages occur only 0.3 times / 100km / year [94]. However, in forest areas during harsh weather
conditions (storms and heavy snow), the ratio of faults in CC lines can be increased. The Fig.
4.6 represents a threatening situation for CC lines. Permanent installation of the induction
sensor along the CC lines (across the susceptible area) at specific intervals can help for early
detection the PD faults due to leaning trees. The use of single sensors can identify direction of
the location of the fault with respect to the location of the sensor. Two sensors can be used to
split a specific length of the line into three different sections as illustrated in Fig. 4.7.
Continuing the same scheme, three sensors can divide a certain part of the CC line network into
four sections and so on. Therefore, m-1 number of sensors is required to monitor the line in m
sections. The pair of sensors around the defective section will identify the faulty section using

DOA technique.
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Fig. 4.6. A tree is falling on the CC lines passing through forests [95].



Experimental setup described in [Publication VI] and [Publication IX] (shown in Fig.
4.7) represents the models for the implementation of DOA technique to identify the faulty
section in CC line. The scenario of this measurement demonstrating the directional installation
of the coils and three sections as possible locations of the fault is illustrated in Fig. 4.8. The
schematic of simulated model is depicted in Fig. 4.9. A 20 m long MV CC line is used as a
single route line. Three cases were considered to evaluate the performance of installed coils for

DOA identification for three different locations of PD source as follows:

L. At L;U;=3 m, at location U,.
1. At L;U, =12 m, at location U,.
I1I. At L;U; =17 m, at location Us.

The small length of the CC line used in this experiment is due to limitation of the
laboratory implementation. In real cases, the forest area through which the CC line is passing
could be of several kilometers. In this model, the CC line is divided into three sections (L;P;,
P,P,, and P,L,) by using two coils RC; and RC,, located at points P; and P,. The data of
practically captured PD pulse is imported to the PD source block in Fig. 4.9. The PD source
block is connected at three different fault point locations U;, U,, and Us, considering single fault
at a time. The PD signals captured by RC; and RC, for fault case are shown in Fig. 4.10. Based

on the installed face directions of Rogowski coils, faults are identified as follows:

I. Positive polarity detected by both RC; and RC, shows the DOA of PD current pulse
through face 4 of both coils. This identifies the presence of a PD fault in section
L,P;, i.e., U, in this case.

1L Negative polarity detected by RC; and positive polarity detected by RC, identifies
the presence of a PD fault within section P,P,, i.e., U, in this case.

1L Negative polarity detected by both the coils identifies the presence of a PD fault

along section P,L,, i.e., U; in this case.

The knowledge developed from the above three observations defines the rules to interpret
the output of a pair of Rogowski coils in response to the PD activity progressing in the
surroundings. The presented work is done for single phase line. In case of three phase line,

sensors are needed to install around each phase as described in [96].



i —— V,
o, Ve
ol

Fig. 4.8. Installation scenario of a pair of Rogowski coils to identify the faulty section on a CC line.
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Fig. 4.9. Simulation of faulty section identification task on a CC line using DOA technique.
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Fig. 4.10. Signals measured by both sensors for three different locations U;, U,, and U; of PD source
(considering single source at a time).



During measurements, Rogowski coil is installed around the primary current line which
means no electrical connection between the coil circuit and the primary current. The coil
inductively measures the current without affecting the primary current. In the presented model,
the primary side of current transformer is connected in series with the line carrying primary
current. The arrangement works well as long as the coil circuit does not provide any disturbance
to the primary current. However, if any reflections occur within the coil circuit, they may
conduct to the primary side via N: 1 winding ratio. This phenomenon may affect the
characteristics of PD signal. Therefore, an improved model is developed in Fig. 4.11. The
TACS block senses the current of the primary line and eliminates the possibility of conducting
any reflections from secondary side towards the primary side. Additional advantage of using
such a model is to provide simplest topology of connections for the measurements while using
three phase primary lines. Measurement operation of both kinds of installation is same and

therefore can be used alternatively.

PD source

- N L

e @ T

e

+HH +HH
Vo; I/702

Fig. 4.11. Improved installation model of Rogowski coil.



4.4. Practical and Simulated Installation of Rogowski Coil in MV
Cables

The proposed DOA technique can equally be applicable for cable networks. Due to
different construction of CC lines and cables, the installation of Rogowski coil to sense the
(magnetic field of) PD current in CC lines and cables is shown in Fig. 4.12 and Fig. 4.13
respectively. The CC line system consists of two separate conductors (covered conductors and
grounds) therefore the coil is installed around the CC line. The cable consists of two coaxial
conductors i.e., the main inner conductor and the coaxial shielding. The PD current travelling
through the main conductor returns through the shielding which results in cancellation of the
magnetic field and hence the total magnetic field due to PD current around the cable becomes
zero. Therefore, the coil cannot be installed around the cable to sense the magnetic field of PD
current. The possible location to measure PD current in cables is the joints and terminals where
the main conductor and shielding are separated for further connections with the cable or
incoming devices. Figure 4.13 shows a cable terminal. The Rogowski coil can be installed
around either the main conductor or earth strap. However, the installation of Rogowski coil

around the latter is preferred [97].

Fig. 4.12. Installation of Rogowski coil on an MV CC line for measurement of PDs.
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Fig. 4.13. Installation of Rogowski coil on an MV cable for measurement of PDs.

Fig. 4.14. Laboratory installation of Rogowski coil on a straight joint (around earth straps) MV cable for
measurement of PDs.

The basic idea of connections of MV cables is presented in Fig. 4.14. The conductors and
the shielding conductors which act as earth straps, are connected to each other. The coil sensors
can be installed as depicted. A similar arrangement is made to represent a T-branched joint
using MV cables in [Publication VII]. The detailed description of the direction of flow of PD
current and methodology of identifying the faulty cable branch using DOA technique (in case of

[ a3 L




branched joint) is presented in [Publication VII]. A typical (three phase) MV cross bond joint is
shown in Fig. 4.15. The shielding of each phase of cable is connected to that of the other cable
in a crossed pattern [98]. The cross-bonding link-box is usually available in underground cable
systems. It is possible to use inductive sensors without any interference and therefore to have
impact on the cable system. In case of cross-bonding, the DOA of the PD current can be

evaluated accordingly. The flow of PD current in cross bonded joint is shown in Fig. 4.16 [99].

of cable 1

s of cable 2

Fig. 4.15. A typical cross-bond joint in MV cable system [98].

Cable 1 T~ N Cable 2

Phase 2 eumm

Phase b ===
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ﬂpo ﬁ
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Fig. 4.16. Propagation of PD signal in the cross-bond joint [99].

Underground cable installation in distribution network is becoming increasingly popular
especially in the urban areas. Visual inspection during faulty or fault initiation situation is not
possible. Therefore, accurate diagnostic methods are needed to localize the PD faults in order to
avoid excessive loss of time and revenue. Remaining of this chapter mainly deals with the
integration of DOA technique over an MV cable feeder. Experimental implementation of DOA
technique for a single phase MV cable is presented in [Publication VII]. The ATP-EMTP
simulation environment considering three phase cable is briefly discussed further in this section.
The next sections of this chapter present the layout of integrated scenario over a cable feeder,

and the simulation results.
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A primary feeder is generally connected to a number of MV/LV transformers which can
be ground-mounted (underground cable feeder) or pole-mounted (overhead feeder) or a
combination of both. Distribution transformers are tapped from the feeder by using T-joints.
Instead of specifying and selecting individual components required for a T-joint, the required
components are frequently available in an integrated package known as a ring main unit. The
induction sensors can be installed on the terminations of the cables connected to T-joints. In the
simulation, the MV cable is represented by a three phase integrated line and cable constant
(LCC) object using enclosing pipe type in ATP-EMTP. The LCC objects in ATPDraw are based
on the line constants, cable constants or cable parameters. LCC based cable simulation can be
achieved by using different model such as Bergeron or Clark, PI, JMarti, Noda and Semlyen. It
has been found that JMarti model has been preferred due to its better performance [101]-[102].
Due to high frequency of PD signals, cables’ inherent R-L-C parameters, and mutual coupling,
various effects are emerged in the form of added oscillations, amplitude variation, pulse width
variation, and mutually induced PD signals from the neighboring conductors (in case of three
phase cable system). However these factors do not have a considerable impact on the polarity of
the PD signals. Polarity of the PD signals mainly depends upon the polarity of the applied
voltage. Therefore, polarity based fault identification methodology is adopted as a diagnostic
solution. The focus of this work is to present the sensor installation scheme and comparison of
the polarity of the PD signals captured by the installed sensors in order to proceed for location
diagnostics. Therefore, comparative accuracy of the cable models has not been analyzed in this
work and JMarti model is used due to its better frequency-dependent performance in high
frequency applications [102]. This enables the ATPDraw to perform an ATP run process to
create an electrical model of the cable. Each cable section has different length depending upon
the distance between consecutive nodes. The transformers are connected symbolically in this
model as shown in Fig. 4.17. During operation, the PD activity can occur within the

transformers, connecting accessories, joints, or the cable sections.

Another practical aspect of the three phase MV cable system is the cross-bonded
construction of the cable joint where the shielding conductor of each cable is connected to that
of its next cable (phase). In the presented scheme of sensor installation, the sensors are installed
around the shielding earth straps. The direction of PD current and hence the captured polarity
for the cable conductor and cable shielding is opposite to each other. In-depth analysis of this
fact has been experimentally presented in [Publication VII]. In order to simplify the simulation
circuit and polarity comparison (Fig. 4.17), the PD signals propagating along the conductors
have been considered to implement the DOA technique. Therefore, shielding straps and cross

bonded-joints are not considered in this simulation work.



The described simulation is focused on the study of PD transients from the PD source.
Due to high frequency design of the coil, the coil filters out the lower frequency signals.
Therefore, operating supply voltage (50 Hz) has not been considered in this simulation. The
MV/LV load point is termed as node 7;. The location of the coils around the node for three
phase measurement is depicted in Fig. 4.17. The PD fault can occur along any of the three
phases of line. Therefore, a coil is needed to be installed around each phase. Three coils on each
side of the node 7 are represented by the respective subscripts. The subscript representation is

as follow:

T;:  The node location MV/LV transformer,

R;;:  Sensor installed at node 7, towards the upstream (left) side of the node 77,

R;»:  Sensor installed at node 7, towards the downstream (right) side of the node 77,
Vi1, 1a: Voltage output of the coil V odel), (upstream side)( phase 2y, ad so on for phase b and c.

V11, 2a: Voltage output of the coil V(node1), (downstream side)( phase ) and so on for phase b and c.

The scenario illustrated in Fig. 4.17 describes the presence of PD source S along the
phase a. Depending upon the construction of the line, the PD current flowing in a phase of
origin may induce PD current in the other two phases and can be measured by respective coils
(see Fig. 4.18). A positive polarity PD pulse captured during real measurement is used in this
simulation. The PD sensor signal measured at phase « is the strongest (0.9 mV). However, the
signals captured at phase b and ¢ are very weak (0.02 mV). The PD signals at phase b and c are
induced due to electromagnetic coupling between the neighboring phases and reflection of PD
signals from common ground of three phases. Such small magnitude of PD signal induced in the
neighboring phases reveals that the amplitude of PD signal occurring in one phase is
significantly greater than the other two phases. On the other hand, a strong PD signal measured
by a certain sensor provides clear information of the respective faulty phase. This also provides
a simplified diagnostics information which eliminates an ambiguity when detecting the faulty

phase.
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Fig. 4.17. ATP-EMTP schematic for three phase installation scheme of the sensors around node 77,
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4.5. Proposed Location of PD Sensors in Cable Distribution Network

An MV/LV distribution transformer is the major component of the final link from the
cable feeder in the electricity supply chain between distribution substation and the customers.
These components are sensitive to insulation defects and also provide a possibility of

installation of the Rogowski coil sensor for monitoring of PDs.

Figure 4.19 describes the layout of a distribution network having four cable feeders F, F>, F;
and F,, which are connected to the MV bus bar. The feeder F; is feeding the load points 7;= /,
2, 3, ... n. Similarly, the other feeders (£, F;, and F,) are feeding the customers in their own
areas. The distance between two consecutive load points depends on the number of customers
and their location in vicinity. Joints and connections are needed along the cable routes due to
practical limitations of cable lengths during manufacturing and transportation. Branched or T-
joints are needed to tap the power towards different areas. All the components and equipment
described above can experience the insulation defects and initiate PDs. However, cables, cable
joints, cable terminations and transformers are the most vulnerable targets of this activity. Main
stages of the implementation of the diagnostic scheme are explained in the flow chart diagram
shown in Fig. 4.20. The actions mentioned in the flow chart have been described in this paper.
However, de-noising of measured PD signals has already been explained by the authors in [54]

and is not discussed here.

HV/MV
transformer

-0

Fig. 4.19. Proposed location of PD sensors installation in a typical underground cable distribution
network.
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Fig. 4.20. Flow chart for implementation of DOA technique for PD diagnostic system integrated over MV
network (T*- transformer).

4.6. Evaluation of Integrated Performance of DOA Technique Using
ATP-EMTP

For the distribution network presented in Fig. 4.19, the feeder F,; is considered for
integration of the proposed DOA technique. The sensors are installed at each node i.e., around
the HV/MV substation transformer, bus bar, MV/LV transformers, and joints. Each node is
designated as priority 4 while the cable/line connecting the two adjacent nodes is designated as
priority B as shown in Fig. 4.21. In other words, the component for which installed coils are
facing through face A4 is called 4 Priority component whereas the component facing the coils
through face B is termed as B Priority. A pair of sensors is installed around their dedicated 4
Priority components. This pair of sensors not only monitors their 4 Priority component but also
the B Priority which is the cable sections between the focused 4 Priority and the next A Priority
components along either side. The sensors R;; and R;, are installed around node 7;. Here 7T} is

the 4 Priority component for these sensors while sections 7;F; and 7,7, are B Priority



components. The section 7F) is the cable between node 7; and F; whereas section 7,7, is the
cable section between node 7; and T5. Similarly, in addition to 4 Priority component 75, the

sensors R,; and R, take care of their B Priority sections 7,7, and 7,75 as well, respectively.

Secondar substation
20 kV/ 400 V &

Induction sensors

Primary substation

110 kV/20 kV |3 .@_
X r3p—
Bo
RO1
F4H—

Bus bar B and feeders at
primary substation

Fig. 4.21. Installation scenario of Rogowski sensors along the feeder .

The cable feeder network described above is simulated in ATP-EMTP environment as
shown in Fig. 4.22. The schematic of the Rogowski coil is not shown in the figure. The
outgoing cable feeder of 20 kV consists of different nodes; T, T3, T3, Ty, T5, joint J;, and J,
leading to feeder branches Y and Z. The Rogowski coils are installed around each node such that
the face 4 of each Rogowski coil is towards their respective node. In order to describe the DOA
sensing technique, in CC line test (Fig. 4.9), the face 4 of every coil was directed towards the
source (upstream) side. However, in multi-node and complex line network, face A-towards-node
scheme is recommended to develop symmetry for interpretation of the signals. Similarly,

directional sensing and detected polarities should be assessed accordingly.
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Fig. 4.22. ATP-EMTP model for performance evaluation of the DOA technique for feeder F;



4.6.1. Measurement Results

During PD monitoring along the feeder F;, the signals measured by Rogowski coils
around respective nodes are shown in Fig. 4.23. The phase « has been identified as faulty phase.
Therefore, further evaluation is made only for sensors of phase a (at each node) while the
measurements of other phases is not taken into account. Each figure represents the plot of
output from the pair or set of sensors around individual nodes. Corresponding to the substation
bus bar (Fig. 4.22), X represents the line section from secondary of HV/MV transformer to bus
bar B,. Here B, is the A priority for sensor pair positioned as Ry; and Ry,. Due to not being the

(direct) part of feeder F';, the measured signals at this pair of sensor has not been included in
Fig. 4.23.
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(b) Voltage signals measured by sensors installed at node T».
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Fig. 4.23. Sensors’ data measured at each node of feeder F,.

4.6.2. Fault Identification

Table 4.1 presents the basic idea to develop an algorithm-oriented database for the
observed feeder of the network. This database would include the substation transformers, cable
sections, joints, and sensors, with accordingly assigned subscripts. The A4 Priority components
are described in column P_4. Column S; sensor and S, sensor reports the sensors at each P_4
component. The P B, and P_B, are the cable sections immediate to sensor S; and S,
respectively, as their B Priority. The arrows in each row describe the DOA of the PD current
signal at the respective sensors. The positive and negative polarity voltage V7, and Vi,
respectively (Fig. 4.23(a)) measured by coils (R;;, and RC;,,) at node 1, shows that PD pulse
arrives at sensor R;;, through face 4 and at sensor R, ,, through face B, hence suspecting the
presence of PD source along downstream direction. At the same time, Fig. 4.23(b) and 4.23(c)

show signal measured by R 4, R2 24, R31. and R; »,, their measurements are given by the entries



of rows 2 and 3 respectively. Similarly, the entries of the rest of the rows account the record of
PD measurements at relevant nodes. The measured signals at R, ;, and R, ,, present an alarming
data. Same polarities detected by this pair of sensors and opposite DOA providing a caution
about their 4 Priority component. This pair of sensors conveys the information of presence of
PD origin between these sensors. Therefore, 7, is identified as the faulty component. It can also
be concluded that, based on installed configuration of sensors i.e., face 4 towards the node, the
set of pair that have the same polarity of captured signals, will be declared as the faulty section

or component.

Table 4.1 PD fault location algorithm development

No P B,

TIFI

S (upstream) P A

sensor

RI,Ia

(+0.9 mV) «—

T

S, (downstream)
sensor

Rl,Zu

(-0.9 mv) «<—

P B,

T1T2

4 T3T2 R3,1a T3 R3,2a T3JI
(-0.80 mV)— (+0.80 mV) —>
5 JiTs Rt 1a Ji Ri124 JiTy
(-0.67 mV) — (+0.6 mV) —
Rj],ja J1T5(P_B3)
(*+0.57 mV) —
6 TJ; Roja T; Reza Ty
(-0.4 mvV) — *+0.4mV) —

B, represents bus bar s

Jiz (+)is Sz atJ;.

Point X, Y, Z represents the continuation on the network

The sensors with ‘0’ output do not detect any PD activity as given in rows 1, 7, and 8.
The ‘0’ output is the result of relatively small amplitude of measured signal which is considered
less than the set threshold. The threshold was defined so that the sensors’ output less than 0.1

mV is logically set to ‘0’. Amplitude of the generated PD current pulse determines the intensity
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of the PD defect to assess how severe it is. Threshold value of a sensor is adjusted based on the
sensitivity of the sensor and amplitude of the PD signal. In this case the PD is emitted from 7,
therefore larger amplitude (1.3 mV) of PD signal is measured by the immediate surrounding
sensors R, ;, and R;,,. As the PD propagates along the line, dispersion and attenuation decrease
the energy of the PD signal which results in decreased amplitude of the PD pulse [S0]-[51].
During propagation, if the magnitude of the PD pulse is still significant enough as compared to
the threshold set in the algorithm, it will also be detected by the neighboring sensors, otherwise

indicating ‘0.

4.7. Automated Fault Identification

A logic rule based system is presented in Table 4.1, whose display can be seen in specific
colors. A conventional traffic indication scheme consisting of green, yellow, and red color is
adopted to indicate the condition of network sections. The rows (1, 7, and 8) with green color
indicate that the respective sections are clear from the fault. These sensors measure ‘0’ PD
activity as mentioned above. The row 3 appearing in red color declares the faulty region. The
identified region encloses the PD source whose location can be determined (discussed in section
4.8). The rows (2, 4, 5, and 6) appearing in yellow color show that PD activity has been
measured by the relevant sensors. The corresponding (yellow color) sections may not contain
the PD source, instead, a PD signal is detected which is propagating from a PD source lying in
the neighboring sections. The more simplified on-screen interface for normal maintenance crew
to monitor the networks condition is described as Table 4.2, shown in Fig. 4.24. This type of
user friendly interface does not require a continuous interaction of the specialized experts which

reduces the decision time and service cost.

An overall layout of the system is presented in Fig. 4.24. Such intelligent system can be
developed by using well known computational techniques such as: logic rules, fuzzy logic,
neural networks etc. Knowledge of sensors at designated location, their calibration, set threshold
and propagation characteristics of PDs, play an important role during development of this
system. Starting from the HV/MV-110 kV substation, a hypertext system can be created to
access the information about different parts of the distribution network. Following the hypertext
of feeder 1, the information about feeder 1 such as; components of this feeder, monitored
activity, and other measuring or metering tasks can be observed. Condition monitoring blocks
are proposed to be appeared like Table 4.2 so that it could be easily interpretable by simply
trained shift crew. The processed data by all the sensors of feeder 1 is showing the present state
of its components. Each entry of Table 4.2 brings out the further information using hyperlinks

from these entries. For example ‘clicking’ 7, in row 3, presents the signal measured by both



sensors (S; and S>) around it which provide visual insight of PD activity. Similarly, ‘clicking’
sensors S; and S, for each component, can provide individual wave forms as well, in order to
observe the wave-shapes, polarity, and amplitude of captured PD signals. The simplified display
presented as Table 4.2 enhances the capability of on-line monitoring and diagnostics by
eliminating the time gap between the instantaneous data of PD faults and its analysis by an
expert. Recorded data over a time span can be used later by the experts to analyze the ongoing

behavior of the fault.
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Fig. 4.24. Proposed system (interface) scheme for an on-line PD diagnostics.

4.8. Location of PD Faults

The possible PD sites can be described as follows.

L. MV/LV transformers (load points)
IL. Cable joints or terminations

I11. Cable sections.



The detailed PD investigation in the above three components is based on the two stage
analysis, i.e., identification of the faulty component and detected fault location. The
identification has been demonstrated above. For a location further analysis is required based on
the type, out of the above three, of the components. In an MV/LV power transformer insulation
system, PDs generate high-frequency electromagnetic transients that travel along the windings,
bushings, and the cable feeding the transformers [102]. The coil sensors can be installed e.g. at
the interface of the MV/LV transformer or neutral terminations to detect the PD transients. The
PD activity detected around the transformer can be investigated further by using known
techniques like acoustical measurements (as shown in Fig. 4.25) or DGA to find out the location

and cause of the insulation defect [103]-[106].

A pD
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D,-D, distance between PD source and AE sensor

Fig. 4.25. Schematic diagram of Time of Arrival (TOA) technique using Acoustic Emission Method for
PD location in a power transformer [103].

The joints and terminations in the cables are the most prone locations to the PD defects
[107]. Identified joints or terminations are further investigated to quantify the extent of fault in
order to make a decision: replace, repair, or stand by. Figure 4.26 shows a faulty MV cable joint
to visualize its damaged form. In case a cable section is declared as faulty, the exact PD location
can be determined by using TDR or TDA techniques as illustrated in Section 2.5. In Fig. 4.27 a
cable is shown where the copper wire earth screen of the XLPE insulated cable was burned
away. Quantification will be the final stage to assess the condition of the located fault
[Publication I].
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Fig. 4.27. A damaged part of the XLPE cable [109].

4.9, Discussion

It is described previously in this chapter and [Publication VII] that TDR, TOA or FAA
techniques cannot be alone used for PD source location in longer single or branched route lines.
The non-suitability of these techniques in the later case is obvious, because generally these
techniques rely on two-end measurement for comparison of the pulse travelling towards the two
ends of the line. The long single route line means the CC lines or cables going across several
kilometers. For example in case of a CC line (shown in Fig. 4.28) going through a forest area of
10 km, two sensors are applied at the ends (4 and B) of the line to find the location of a PD fault
due to a leaning tree. Trees can lean on or touch the line anywhere along this 10 km long line. In
a worst case if the tree is leaning somewhere in the middle (at a point P), what could be the
expected scenario of measurement from the sensors installed at the ends? First it should be

realized that PD signals are high frequency (several MHz) and low amplitude signals in the
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range of few mA to few tens mA. The line causes attenuation and dispersion to the PD signal
during propagation. The signal gets very week (due to attenuation) and pulse width may
increase significantly (due to dispersion). The noise is an added problem here which can be
solved (by denoising techniques) if the signal to noise ratio is high. However, denoising may not
be effective for low signal to noise ratio. Therefore, after travelling such a long distance of 5 km
(from the fault location to line end), it is impracticable to detect or measure the PD signal
reliably. Considering the most optimistic situation, if the PD fault occurs near to one end, sensor
A can capture it reliably, nonetheless the signal propagating toward end B has to travel 9 km
which will result in an extremely unreliable measurement. Such measurement scheme will lead

to missed faulty event and breakdown may occur without early information.

MYV CC line

MYV CC line

Fig. 4.29. Multiple Rogowski coils are installed at distributed locations along CC line 4B.

The efficient option is to divide the long single route line into smaller parts termed as

sections. A sensor should be installed for each section as depicted in Fig. 4.29. The length of
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section should be selected by keeping in view the attenuation constant of the line and the
sensitivity of the sensor. It is preferred to keep the length of each section same which makes it
simple to analyze the captured data. However, the length of section can be varied according to
the variation of the density of trees where the probability of leaning tree event is higher. Similar

explanation is valid for a cable network.

For integrated application of the on-line monitoring system, periodic and continuous data
collection system can be employed. The system can be selected based on the type of
components, geographical location of the components, age specific risk level, and economy of
the system versus components. The data collected from the field sensors will be transferred to
the centralized system at the substation and can be processed for fault diagnostics as
demonstrated in Table 4.1. The sensors can be installed permanently around the nodes. In case
of periodic monitoring system, the data can be stored using data logger system for single cycles
of supply at specified intervals of time [110]. The stored data can be transported ‘manually’ to
the center for processing. For continuous monitoring, the wireless sensor technology is a
preferred solution. Considering wired links, the overall cost of installing and wiring a sensor
exceeds the cost of the sensor by more than ten times. However, application of wireless
communication significantly reduces installation costs [111]-[112]. In addition, with wireless
technology, integrated instrumentation is possible in applications where wiring is unfeasible
[113]. The unique code assigned to each node and its sensors can be used to recognize its data.
The large scale wireless sensor network on a number of feeders between a primary (HV/MV)
substation to a secondary (MV/LV) substations can be divided into several local communication
clusters which further transmit the data to superior cluster area and then finally to control room
[114]. The concept of distributed wireless sensors [115] can be analyzed in more detail to

envision its real implementation.



5. Summary of the Publications

Publication I
On-line Condition Monitoring System for Medium Voltage Distribution Networks

An organized framework of insulation condition assessment system for power line has
been described. Condition assessment system consists of monitoring and diagnostics tasks.
Design and implementation of the sensors, and data collection are the functions of monitoring
task whereas diagnostic consists of essential and sequential composite of detection, location,
and quantization functions. PD activity is monitored by induction sensors. Captured PD signals
are used to accomplish diagnostics task. Signal signature recognition is used for detection
purpose. Direction of Arrival (DOA) technique along with Time Difference of Arrival (TDA)
method is used for location purpose. For quantization, determination of line attenuation constant
is considered as the significant parameter. In the end, a detailed flow chart is presented for

integrated implementation of the proposed PD diagnostic system.

Publication II
Parameters Identification and Modeling of High Frequency Current Transducer for

Partial Discharge Measurements

High frequency current measurement is an important aspect of PD monitoring. Accuracy
of the captured PD signal data depends on the performance of the measuring sensor. Rogowski
coil is used as high frequency electromagnetic sensor. A suitable geometrical design is
presented for PD measurements. An improved method for identification of electrical parameters
of Rogowski coil is suggested which provides an accurate electrical model of the Rogowski coil
measuring system. Integration of the signals sensed by Rogowski coil winding is an imperative
feature to obtain the actual measured signal. In this work, a digital integration technique is used
in order to avoid complex and expensive analogue integrators. The performance of the
Rogowski coil is validated in comparison with the commercial PD sensor during real PD

measurements in the laboratory.



Publication III
Effect of terminating resistance on high frequency behavior of Rogowski coil for transient

measurements

In this paper, Rogowski coil sensor has been recognized and developed as a cascaded
combination of the three components, Rogowski coil head, damping resistor, and integrator.
The detailed investigation of the behavior of the damping (terminating) resistor is presented.
The PD signal sensed by Rogowski coil head is overlapped by the oscillation caused by
electrical the coil. The frequency of the oscillation depends upon the electrical parameters of the
coil. A suitable terminating resistance is necessary to damp these oscillations in order to get the
original signal. Effect of the terminating resistance and its selection for proper damping is
presented using laboratory experimentation. The Rogowski coil is simulated in ATP-EMTP to
observe the behavior of non physical electrical parameters (self-resistance, self-capacitance. and
self-inductance) of the coil which is not possible to do experimentally. The analysis of
Rogowski coil is based on theoretical, experimental, and simulation studies, which provide a

deeper insight of the high frequency behavior of induction sensors.

Publication IV
Air-Core Sensors Operation Modes for Partial Discharge Detection and On-line

Diagnostics in Medium Voltage Networks

Partial discharges produce extremely short duration electromagnetic signals having
bandwidth ranging from few hundred kHz to several tens of MHz. In this paper, resonant
frequency of air core induction sensors has been identified as the decisive parameter to
determine their high frequency pulse measurement capability. The resonance phenomenon is
present due to inherent electrical properties which are dependent on the selected geometrical
parameters of the induction sensors. Resonant modes of operation: un-damped, critically-
damped, and over-damped, have been investigated. Measuring performance of the coil sensor is
compared for each mode of operation in time and frequency domain considering most important
operating factors i.e., sensitivity and upper bandwidth of coil. Frequency response analysis has
provided a clear understanding to recommend the critically damped-integrated mode as an

optimum selection of coil’s operation for measurement of PD signals.



Publication V
Effect of Geometrical Parameters on High Frequency Performance of Rogowski Coil for

Partial discharge Measurements

The resonant frequency and sensitivity of the Rogowski coil are the significant
performance parameters to determine its suitability for measurement. These parameters depend
upon the geometrical parameters of Rogowski coil. Selection of suitable geometrical parameters
has been identified as an important aspect regarding proper operation and installation of the coil
around the power component under test. In this publication, the effect of variation in the major
parameters of the coil such as, core and coil diameter, diameter of the wire used for coil
winding, and number of turns, have been experimentally analyzed. The return winding, as a
non-conventional method of creating return loop for the Rogowski coil, is compared with the
conventionally used return wire to analyze sensor’s performance regarding cancellation of
external magnetic fields. The comparison of various designs of coil provides a guideline to
develop an optimum design of the coil to obtain suitable sensitivity and bandwidth for PD

measurements.

Publication VI
Directional Calibration of Rogowski Coil for Localization of Partial Discharges in Smart

Distribution Networks

Location of PD defects is the most important function of a PD diagnostic system. In this
work, Rogowski coil is used for location purpose. Directional sensing feature of Rogowski coil
is explored to determine the direction of arrival (DOA) of PD signals. The coil is calibrated such
that, the polarity of incoming PD pulse, polarity of the half cycle of operating voltage, and the
output terminal connection of the Rogowski coil, provide the DOA of PD signals. The
calibration is done experimentally by using a PD calibrator for single route and branched route
line. For real PD defects, the performance of DOA technique is experimentally evaluated with
the possibility of PD defects at different locations, on an overhead CC line. The technique is
proved to be efficient for identification of faulty line sections in medium voltage distribution

networks.



Publication VII
On-line Partial Discharge Diagnostics in Medium Voltage Branched Cable Networks

The commonly used location techniques such as, time domain reflectrometry (TDM),
time of arrival (TOA), and frequency amplitude analysis (FAA) are usually implemented on
single section of the cable. However, it is not possible to use these techniques for multi-section
or branched line networks for reliable diagnostics. This is due to interconnected composite cable
system of different (or same) types having discontinuities in impedances and different
propagation characteristics for the travelling PD signals. Therefore, it is required to identify the
faulty cable section before implementation of the conventional techniques. In this paper, three
medium voltage cables are connected to develop a branched joint. Induction sensors are
employed by using direction of arrival (DOA) technique. Polarity based comparison is made to
determine the direction of fault point. The technique has been successfully implemented for on-

line identification of the faulty cable branch.

Publication VIII
An Improved Technique to Determine the Wave Propagation Velocity of Medium Voltage

Cables for PD Diagnostics

Wave propagation characteristics of the medium voltage cables plays a key role during
location of PD faults on the cables. Time domain reflectrometry (TDR) and time of arrival
(TOA) techniques have been frequently used to determine the wave propagation velocity
(WPV) of the cables. These techniques use the time difference of arrival of the pulse captured
by the employed PD sensors. It has been identified that dispersion and attenuation effects of the
cables can cause an error in calculating the WPV. This paper provides an alternate technique in
frequency domain termed as quarter wave length (QWL), to determine the WPV. This technique
is based on transmission line theory and eliminates the practical limitations faced by TDR and
TOA techniques. The improved performance of the QWL technique has been evaluated in the
laboratory. The QWL technique can be used to enhance the accuracy of PD diagnostics in

distribution lines.

Publication IX
Integration of On-line Proactive Diagnostic Scheme for Partial Discharge Detection in

Distribution Networks

This publication presents the extension of the developed DOA technique. Due to the very

nature of DOA technique, it is equally applicable to detect the PDs in the cables, CC lines, and



in the vicinity of the components such as power transformers and switchgear. In this work, the
DOA technique is integrated over a medium voltage cable network which includes straight and
branched route lines. An intelligent algorithm is proposed for practical implementation of DOA
technique for PD monitoring. Proposed scheme can be adopted in distribution automation

system to improve proactive diagnostic capabilities of the network.



6. Conclusions and Future Work

6.1. Conclusions

High frequency measurement is an important aspect of PD investigation in power
components. Accurate measurement and interpretation of measured PD signal depends on the
understanding of the electrical model of the measuring sensor. In this work, Rogowski coil
induction sensors have been presented with various attributes such as: simplicity in design,
flexibility of installation, compatibility of using for multiple diagnostic solutions, and possibility
of integrating into the supply network. Under the umbrella of online condition assessment, the

monitoring and diagnostics tasks have been explored.

A Rogowski coil was designed, analyzed, modeled, and simulated for PD current
measurements. The parameters of its electrical model were determined by using a measurement
based method which takes into account all the main and stray elements contributing to the
equivalent value of each parameter. During the design of the coil, the stages of signal processing
between signal sensing, and signal output are accomplish by applying the intrinsic rules of RLC
circuit theory. The final component (integrator) of the Rogowski coil sensor was implemented
using digital integration employed by data acquisitions system. For all types of sensors in PD
applications, the presence of DAS is the integral part of the measuring system. The use of
digital integrator is not only a simple methodology of integration but also avoids the need of
additional and expensive analogue components. A quantified approach was presented to
configure the comparative effectiveness of different geometrical designs of the Rogowski coil
on its electrical behavior. The comparison of various geometrical designs was presented with
simplest approach which can be used to set tradeoffs of benefits for better mechanical and

electrical design of the Rogowski coil.

Induction sensors (Rogowski coil and HFCT) were used for PD diagnostics. The polarity
of the PD signals with respect to the polarity of the supply voltage was considered for detection
and location purpose. The DOA technique was developed to enhance the locating capabilities of
the conventional location techniques. The important feature of the DOA technique is its ability
to integrate the induction sensors in the distribution network. The developed diagnostic scheme
is equally applicable to both CC lines and cables. ATP-EMTP program was used to evaluate the
integrated implementation of the DOA technique to describe its operation. Based on ATP-

EMTP simulation results, the basic structure of the algorithm was proposed for automated



identification of faulty section of the line. The correct value wave propagation velocity is
necessary for accurate location of PD faults on a line. An alternate (QWL) technique was
presented to determine the wave propagation velocity of the cables. The propagation velocity
was measured with the help of frequency response of the impedance of the cable. The technique
is simpler in methodology as the required measurements are needed to be done at single end of

the line only.

The use of CC lines has been increasing in MV networks in densely forested countries
like Finland. On the other hand, most of the developed countries have adopted the underground
cable supply system especially in the urban areas and this trend is becoming increasingly
popular in under developed countries as well. On-line automated detection of PD threats reduces

the workload in finding the problematic locations and improves reliability of the network.

6.2. Future work

During analysis of the geometrical features of the coil, a hypothetical assessment from the
mathematical expression was based on the geometry of the coil regarding cancellation of
external magnetic fields of conventional ‘return wire’ and non-conventional ‘return winding’
design of coil [Publication V]. The experimental investigation of both designs in the noisy
environment will provide valuable results to conclude if return winding design has better

performance than the return wire.

In this work, the Rogowski coil was used for calibrated and real PD pulses in the
laboratory. It is intended to make measurements in the real field (in the presence of real noise)
to evaluate the performance regarding polarity based identification features for implementation
of DOA technique. The next step is to develop shielding of the coil. Due to shielding additional
capacitance is expected which will affect the sensitivity and bandwidth of the coil. The selection
of optimized geometrical design to compensate the effect of shielding keeping in view the

comparison of the shielded coil with the unshielded coil will provide interesting results.

It can be seen in the plots given in Fig. 13 and Fig. 15 of [Publication VI], that for
branched joint, the PD signal emitted at one branch propagates towards the joint and is split into
connected branches according the proportion of the impedances of the each branch line. In this
work the identification of the faulty branch is made by comparing the polarity of the PD pulses
at each branch line. An alternative to identify the faulty branch is to compare the amplitudes of
the PD signals at each cable. The basic idea of this phenomenon is described in [Publication
VI], however detailed quantitative analysis will help to develop an alternative technique to

identify the faulty section. This approach may not be very useful for a single route line, however



it is supposed to have equal diagnostic capability in case of a branched route line.

In this work, single PD source has been considered and polarity is used as the major index
for the comparison and analysis. Continuation of this work will focus on implementation of the
presented techniques for multiple PD sources in the vicinity. In a real scenario, multiple PD
sources can be present at different locations simultaneously. The PD signal generated at a faulty
site travels away along both directions on the lines. If multiple PD sources are active in the
vicinity, any specific sensor will measure a “sum” of PD signals. Therefore, the polarity of PD
signal alone, may not give accurate information of the PD sources’ locations. In this case, DOA
of PD signals, amplitude of the PD signals along the power lines and phase difference due to
time delay during propagation has to be taken into account. Therefore, three dimensional
analysis in terms of polarity, amplitude, and phase would be required for location of multiple
PD sources. In this work QWL technique [Publication VIII] is used to determine the wave
propagation velocity of the cables. The required calculation is extracted from the plot presenting
frequency response of the impedance of the cable. Impedance of the cable is composed of its
line parameters. Further analysis by QWL technique can be done to derive the data which can

be helpful to improve the accuracy of model parameters of the cable.

Developing technologies have improved the reliability of communication between
sensors installed over a wide geographical area. For this reason, increased numbers of sensors
for enhanced distribution automation is not a big challenge. When integrating the scheme over
the distribution network, a centralized processing of sensors’ data can be accomplished for the
coverage of the network by constructing wired or wireless links using various communication
technology solutions [116]. The architectures of wireless sensor networks integrated over
electrical distribution systems have been described in [117]. There is need for practical

implementation of these sensor networks.

Research on the wireless sensor network is getting a momentum, the work is going on to
improve the data management and hardware of wireless sensors. A practical limitation for
adopting wireless technology is a huge amount of data. Due to high frequency phenomenon, if
the data is captured for 20 ms at a sampling rate of few hundred picoseconds (400 ps is used in
this work) there might be some limitations regarding continuous transmission of this data. This
issue has been addressed in [118]. The significance of wireless sensor technology has been
agreed, economical advantages have been proved and the necessary operational components
dealing with the wireless communication part are developing [116], [119]. The next specific
step is to couple the PD sensor with the communication system and to analyze the
characteristics of the original and measured signal for assessment of its reliability. Such
development will be a leap toward practical implementation and utilization of the integrated on-

line condition monitoring concept.



Automated detection and location of PD activity not only minimizes the time and man-
hours to find the incipient fault locations compared to visual inspection but also provides
alert/alarm to the maintenance crew to take corrective actions timely. Implementation of the
proposed technique can be efficiently implemented with the help of sophisticated information
technology (IT) and communication solutions. Presented diagnostic scheme can effectively

enhance the distribution automation features of the modern grids.
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In this work partial discharge (PD)
measurements have been considered for
insulation condition assessment of
distribution system components using non-
intrusive induction sensors. Rogowski coil
sensors have been designed and modeled for
high frequency PD measurements in order
to detect and locate the insulation defects in
the MV power lines (cables and overhead CC
lines). The conventional techniques of fault
location are used for individual sections of
the MV cables, however this work presents
fault location technique for a wider part of
the network. An online integrated
monitoring system is proposed for the MV
network consisting of multi-section and
multi-branch cable network taking into
account the PD diagnostics for the cable
accessories (joints and terminations). PD
fault location algorithm is presented for
automated fault identification. The
proposed monitoring system can be adopted
in distribution automation system to
improve the proactive diagnostic
capabilities of the network.
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