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ARTICLE INFO ABSTRACT

Condition monitoring is a highly effective prognostic tool for incipient insulation degradation to avoid sudden
failures of electrical components and to keep the power network in operation. Improved operational perfor-
mance of the sensors and effective measurement techniques could enable the development of a robust mon-
itoring system. This paper addresses two main aspects of condition monitoring: an enhanced design of an in-
duction sensor that has the capability of measuring partial discharge (PD) signals emerging simultaneously from
medium voltage cables and transformers, and an integrated monitoring system that enables the monitoring of a
wider part of the cable feeder. Having described the conventional practices along with the authors’ own ex-
periences and research on non-intrusive solutions, this paper proposes an optimum design of a Rogowski coil
that can measure the PD signals from medium voltage cables, its accessories, and the distribution transformers.
The proposed PD monitoring scheme is implemented using the directional sensitivity capability of Rogowski
coils and a suitable sensor installation scheme that leads to the development of an integrated monitoring model
for the components of a MV cable feeder. Furthermore, the paper presents forethought regarding huge amount of
PD data from various sensors using a simplified and practical approach. In the perspective of today’s changing
grid, the presented idea of integrated monitoring practices provide a concept towards automated condition
monitoring.
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execution of preventive maintenance plans. Based on the impact of
stresses on the lifetime, operation, and performance of the components,
one type of condition monitoring is considered more critical than

1. Introduction

Improved maintenance technology plays a major role to keep the

electrical supply network in reliable operation. The electric grid oper-
ates over wide geographical areas on 24/7 basis and is, therefore, ex-
posed to various operational and environmental stresses. The distribu-
tion network is the most interactive part of the supply network and a
large number of failures initiate from the distribution network com-
ponents [1]. Therefore, the network companies and solution providers
continuously keep on striving for suitable solutions to improve the re-
liability of the components and continuity of the power supply.
Power transformers and MV cables are key components in dis-
tribution networks. These components undergo through TEAM-stress
regime, thermal, electrical, ambient, and mechanical stresses, that
significantly accelerate the degradation of the electrical insulation
[2,3]. Condition monitoring refers to the inspection and identification
of the common failure modes of equipment that provides initial data for
prognostics based on actual measurements and hence leading to the

others. For instance, a limited mechanical operation involved in power
transformers is tap-changing or the switching contacts while power
lines/cables do not involve any moving elements. The operation of
these components is predominantly static where voltage, current, and
electrostatic/electromagnetic fields interplay with the conductors and
insulation system of the corresponding components. A typical under-
ground cable feeder spans over several kilometers from the substation
to the consumers via a number of cable sections, transformers, joints,
terminations, and other protective, monitoring and control equipment.
The primary focus of this paper is the condition monitoring of MV cable
feeders and power transformers using a newly designed Rogowski coil
with a bandwidth adapted to the whole system.

Dielectric insulation is the most important part, which is designed
according to well-established standard specifications and practices,
providing withstand to likely stress levels over the expected lifetime.
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Nomenclature

List of symbols

€c Dielectric permitivity of the cavity

€ Dielectric permitivity of the insulation

Ko Permeability of free space

Q Ohm

A Area of the core of the coil

a Area of healthy insulation

b Area of healthy insulation in series with the cavity
c Area of cavity

Cc Capacitance of the coil

Cia Capacitance of healthy insulation

Cip Capacitance of healthy insulation in series with the cavity
Cic Capacitance of cavity

d Diameter of winding wire

E, Electric field due to supply voltage

Ega Dielectric breakdown strength of XLPE

Epc Dielectric breakdown strength of cavity

E. Dlectric field E. across the cavity

fow Bandwidth of the Rogowski coil

fe Resonant frequency of the RCS for cable measurement
fu Upper cut-off frequency of RC

f Lower cut-off frequency of RC

fo Optimum frequency of RC for cable/transformers
fr Resonant frequency of the RCS

fi Resonant frequency of the Rogowski coils.
H; Effects of medium on the signal

H, Effect of sensor

Hs Effect of sensor DAS

Hz Herts

h Width of the coil turn

im Measured current

i(t) Primary current

K. Calibration factor for the sensor

L Inductance of the RCS

1 Length of winding wire

m Number of straight joints

M Mutual inductance between coil and conductor
N Number of turns of the coil

N Number of transformers

Ng1- Number of sensors for SSMS

Ngy Number of sensors for DSMS

nH Nanohenry

P Point

Py Starting terminal of the winding

P, Ending terminal of the winding

pF Picofarad

p Resistivity of the conductor (winding wire)
R Resistance of the Rogowski coil

Ri1 Upstream (source) side sensor-node 1

Ris Downstream (load) side sensor-node 1

Ro1 Upstream (source) side sensor-node 2

Roo Downstream (load) side sensor-node 2

R¢ Terminating resistor

Ry1 Upstream (source) side sensor-node y

Ry2 Downstream (load) side sensor-node y

Sm Signal measured by Rogowski coil

Sp Primary signals

t. Thickness of the cavity

t Thickness of the insulation
U, Supply voltage
Upc Breakdown voltage across the cavity

Vo(t) Output voltage of Rogowski coil
Abbreviations

ADC Analogue to digital converter

CSC Closed size component

CC Covered conductor

D (Table 1) Detection

dB/m Decibel/meter

DAS Data acquisition system

DG Distributed generation

DGA Dissolved gas analysis

DOA Direction of arrival

DSMS Double side monitoring scheme
DSO Digital storage oscilloscope

EMCP  Electromagnetic current pulses
EMWR  Electromagnetic wave radiation
End A  End A of the Rogowski coil core
End B End B of the Rogowski coil core
FFT Fast Fourier Transform

FPGA Field programmable gate arrays
GHz Gigahertz

GBWP  Gain-bandwidth product

GS/s Giga samples per second

HFCT High frequency current transformer
HV High voltage

ICT Information and Communication Technology
IEC International electrotechnical commission
IEEE Institute of electrical and electronics engineers
IT Information technology

kv Kilovolt

L (Table 1) Location

LV Low voltage

MHz Megahertz

mm Millimeter

ms Millisecond

MS/s Mega sample per second

mV/A  Millivolt per ampere

MV Medium voltage

0SC Open size component

PD Partial discharge

PRA Phase resolved analysis

RCS Rogowski coil sensor

RMU Ring-main-units

SADC Successive adjacent data comparison
SNR Signal to noise ratio

SSMS Single side monitoring scheme
TDOA Time difference of arrival

TDR Time-domain reflectometry

TEAM  Thermal, electrical, ambient, and mechanical
UHF Ultra high frequency

uH Microhenry

us Microsecond

VHF Very high frequency

X (Fig. 10) X branch of the Feeder
XLPE Cross-linked polyethylene
Y (Fig. 10) Y branch of the Feeder
Z (Fig. 10) Z branch of the Feeder
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The insulation of medium voltage (MV) and high voltage (HV) equip-
ment are designed according to the IEC 60071—1& 2 [4] standards that
deal with the determination of insulation levels considering the rated
withstand and highest voltages that may be encountered during op-
eration. Due to aging, dynamic, and random behavior of the various
operational and environmental actors [5] and abnormal situations,
defects can emerge in the insulation, which cause an increased rate of
deterioration, progresses with time, and eventually leads to failure of
components before their lifetime [6,7]. Due to their very nature, in-
sulation defects are incipient and therefore proactive maintenance ef-
forts can be made based on present-day condition of the insulation.
Partial discharge (PD) is an indication and, at the same time is the cause
of insulation degradation. PD monitoring is a valuable tool for ob-
taining updated status of insulation that requires a meticulous mea-
surement system and expertise for an accurate prognosis.

Promoting the societal and technological goals under the umbrella
of smart grid, gradual upgradation of the network, inclusion of dis-
tributed generation (DG), electrical vehicles, energy storage, etc., are
predominantly embedded in the distribution grid. The underground
cable topology is becoming more meshed and interconnected. There has
been a significant increase in the number of connection points (joints,
terminations, and tapping) and distribution (secondary) transformers
[8]. This means an increased probability of having adverse events on
the components that may cause serious insulation degradation pro-
moting the emergence of PD defects and hence leading to complete
breakdown of the affected components. The development of the infra-
structure is not the whole solution to the modernization of the power
grid; predictive technologies must also need a proportional upgrade.

Efficient PD monitoring and diagnostics depend on the performance
of the sensors, techniques of measurement, and interpretation of data
obtained from sensors. Although a variety of high performance solu-
tions are available for PD monitoring, considering the grid advance-
ments and available solutions, this paper identifies two major gaps that
have to be addressed, being the focus of this paper, and they are de-
scribed below.

Firstly, the employed sensors are component specific, a certain type
of sensors used for specific type of components [9,10]. For example,
acoustic or UHF antenna sensors are commonly used for PD monitoring
in power transformers while these types of sensors are not feasible for
PD investigations in cables. Similarly, induction sensors are more
common for PD measurements in cables. Such constraints limit the
possibility to integrate the same type of measurement system for the
various power components in the vicinity.

Secondly, most of the methods available at present are for use on
individual/single components in the substations or distribution
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network. Due to expanding networks, monitoring of individual com-
ponents is time consuming, expensive and require more expertise, and
human resources [11]. There is lack of integrated monitoring solutions
in the available literature. The work done in Ref. [12] presenting an
integrated monitoring solution, uses only two sensors to find the loca-
tion of a fault on a cable section of 300 m long among several cable
sections interconnected by ring-main-units (RMUs). This methodology
is a usual practice based on the two-end measurement technique and
does not provide a functionality to monitor multiple sections simulta-
neously. When considering longer parts of a cable network having
several cable sections or longer cable lengths spanning over several
kilometers and branches, the PD signals are attenuated during its pro-
pagation along the cable and can disappear before reaching the sensors
at the far ends. The work in Ref. [13] suggests the need of multiple
sensors for longer cable routes where the PD signals may be attenuated
during propagation. However, no methodology has been proposed to
realize the suggested idea [14].

This paper proposes that multiple sensors have to be installed at
suitable locations with appropriate measurement techniques to identify
the location of the fault in an effective way. Addressing these gaps, this
paper focuses on the cross-component application of the induction
sensor (Rogowski coil) by proposing an optimum design that is suitable
for both MV cables and transformers. Further, the focus is to propose an
integrated monitoring system using the designed sensor by exploiting
its simple feature of directional sensitivity that plays a key role in
communicating between the consecutive sensors in order to monitor
the wider part of the MV cable feeder.

Section 2 in this paper presents a quantitative analysis of the elec-
trical breakdown of insulation defect initiating PDs. Section 3 presents
an overview of PD mechanism based measurement approaches and a
PD sensor development map. Section 4 provides a comprehensive un-
derstanding of the capabilities of the sensors along with limitations for
power components. This section also highlights a liberal perspective
towards unconventional approaches in order to flourish improved and
efficient PD monitoring solutions. Section 5 is aiming at the optimum
design considerations of the Rogowski coil taking into account its
sensitivity and bandwidth performance for PD measurements in the
distribution feeder. Having discussed the Rogowski coil design aspects,
Section 6 presents an integrated monitoring scheme for feeders in-
cluding cables, cable accessories, and transformers. The paper is con-
cluded in Section 7.

2. Partial discharge in power components

Although aging and mechanical damage contribute to insulation
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Fig. 1. (a) Physical model of the cavity inside insulation (upper half of the cross-sectional view of cable) and (b) electrical a—c model of the cavity inside cable

insulation.
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deterioration, excessive electric stresses particularly due to sustained
or/and impulse overvoltage, overloading, and hence unstable tem-
perature cycling are major causes of insulation degradation while the
possible presence of moisture, dirt, salt layer, etc. significantly accel-
erate this progression. Referring to the IEC 60270 standard, PD is the
localized electrical breakdown of a small portion (voids, cracks, bubbles
or inclusions) of a solid or a liquid electrical insulation system. The
phenomenon is confined to the localized regions of the insulating
medium between two conductors at different potential. This discharge
partially bridges the phase to ground, or phase to phase insulation [15].

Cavities in the insulation are one of the causes to damage the in-
sulation that is quantitatively elaborated below.

The physical model of the cavity emerging inside the insulation of a
MV cable and its surrounding healthy insulation is shown in Fig. 1(a).
Assuming that the solid insulation of the cable has a thickness t; and
dielectric permittivity &;, while ¢, is the thickness of disc shaped cavity
with the dielectric permittivity .. 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-c) model of
the cavity inside insulation is shown in Fig. 1(b). Here C;,, Cip, and Cj.
are the capacitances of respective sections. The voltage U, across Cj, is
essentially divided across Cj, and C;. which represents the faulty region.
The voltage U, across C;. is of major concern for PD generation and is
expressed as,

Civ

U=U———.
Cip + Cic (@]

In terms of respective dielectric permittivity, it can be expressed as,

(i) )

Partial discharg
Energy exchange events
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The electric field E, due to supply voltage U, is uniformly dis-
tributed across insulation between the conductors. Based on U, = E, d,
where E, is the electric field due to potential U, across the electrodes,
the electric field E. across the cavity can be described as [15],

oen(t)
J1+5(2-1) 3)
Considering the practical behavior of a partial breakdown of in-
sulation within the particular cavity, if the size of the cavity and re-
lative permittivity are considerably smaller than the solid insulation, as
will usually be the case, the E. will be significantly greater than E,.
Assuming t. = 0.6 mm inside a 12/20 kV cross-linked polyethylene
(XLPE) cable having 6.6 mm thickness (t;) insulation. For . = 1 (re-
lative permittivity) and &; = 2.3 (for XLPE), the electric field intensity
in the cavity is approximately 2.3 times that of the surrounding in-
sulation at a certain applied voltage. The dielectric breakdown strength
of XLPE is Egy = 21 kV/mm whereas for the air-cavity it is Egc = 3 kV/
mm. Therefore, for the above-described cavity, the applied voltage Upc
at which the breakdown starts to occur can be determined in terms of
Epc and dimensional arrangement of the cavity as in Ref. [15],

Use = Egc| 1 + 3(5 - 1) te.
& \ Ic (4)

When the voltage across the cavity rises to Upc, a discharge takes
place within the capacitive cavity which is called PD inception voltage
and it is calculated as Ugc = 9.6 kV in this case, even when the nominal
phase-to-ground voltage is 12 kV for the 12/20 kV cable under test.
Once the process is triggered, the insulating materials start to deterio-
rate progressively and eventually lead to a complete breakdown.

Fig. 2. Energy exchange during PD events and sensing possibilities.
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3. PD energy and sensing

Due to the increasing demand for reliability of the developing power
grid, an increased interest has been seen in recent times on PD sensor
and measurement technology. Particular attention is being given for the
advancements of condition monitoring of power cables, power trans-
formers, and switchgear, due to their critical operation and significant
costs in terms of both commercial value and repairs. The use of com-
patible PD sensors can enable tracking and updating the status of the
insulation system of the components in order to have a proper main-
tenance plan for repair, replace, and standby. A true interpretation of
the fault depends on the transducer type and its capability to sense the
relevant occurrence.

3.1. Mechanism based PD measurement approaches

The measurement methodology of PDs is based on the type of en-
ergy exchange that takes place at the localized part of insulation defects
such as electromagnetic radiation, sound or noise, thermal radiation,
gas pressure, chemical formation, and electromagnetic impulses, which
are the indicators of the ongoing PD activity as shown in Fig. 2.

Electromagnetic radiation emitted due to ionization, excitation and
recombination can be in the form of electromagnetic radio frequency
waves and optical signals. Radiometric techniques have been im-
plemented using ultra high frequency (UHF) receivers (antennas)
having bandwidth in the range of GHz [16]. Optical sensors such as
photographic recorders, photo-multipliers or image intensifiers can
detect the ultra violet radiation emitted during PDs [17]. The energy
released during the discharges heats the adjacent insulation material,
which results in a small and rapid explosion producing sound or noise
(acoustic) waves. Piezoelectric effect based transducers or other
acoustic transducers are the most common methods of performing
acoustic measurements in power equipment [18,19]. The temperature
of the surface of the defective site increases and can be measured by
using thermal sensors [20]. There are localized chemical changes
during insulation deterioration [21]. Appearance of by-products such as
wax in mass-impregnated cables can be determined to monitor PDs.
Dissolved Gas Analysis (DGA) is one of the most commonly used che-
mical method for PD diagnostics [22]. Similarly, an important class of
PD sensors measures the electromagnetic impulses. Due to the rapid
movement of the charges during the discharge event, voltage and cur-
rent transient appear in the form of electromagnetic waves. These
transients can be measured by resistive, capacitive or inductive
methods that are named as very high frequency (VHF) sensors [9].

3.2. PD sensor development

The sensor technology is rapidly moving towards electronic, elec-
trical, and digital instrumentation. A measuring sensor transacts a

Power
component

Origal
PD signal P

1

Medium ®  Sensor

1 H,
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complete measurement function from initial detection to final indica-
tion of the measured quantity. The initial detection is done by a
transducer, which is a sensing element and acts as an interface between
measured quantity and sensing device. 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 by a suitable data ac-
quisition system (DAS). Based on the type of study, the captured data
can be analyzed in real time or stored in digital format for further
analysis.

Considering the construction map of a PD sensor, Fig. 3 presents its
development model along with the measurement system. The measured
signal S, can be expressed as:

Sm =S, H- K, 5)

where S, is the primary PD signal and H is the total effect of medium
and measurement system, expressed as:

H = H, H Hs, (6)

where H;, H,, and Hs; are the effects of medium, sensor, and DAS re-
spectively, while K. is the calibration factor.

Considering inductive sensing, the magnetic field of the PD signal
linking through air (medium) induces the voltage in the sensor coil. The
magnetic flux leakage causes loss of energy (radiative losses). Such
losses are considered small; however, they have to be taken into ac-
count for accurate measurements. The effect of the electrical para-
meters of the sensor is incorporated into the electrical signal.
Determining the accurate parameters and designing a matched im-
pedance may cause a loss or add in the measured signal. Similarly, the
link between the sensor output and the input of the DAS (digital storage
oscilloscope in this study) is of critical importance. The impedance of
the sensofs probe to DAS and the sensor circuit may not always match
perfectly and hence the probe may affect the measurement. Depending
on the type of sensing, proportional compensation is generally accom-
plished by using calibration techniques. Sensor calibration is required
for removal of structural or operational effects on the outputs of the
sensor and for standardizing the sensor performance for measurements.

4. Power components and PD monitoring

Common practices and a literature survey reveals that the suitability
of a sensor type leans on the type of application or component under
test. The bandwidth, sensitivity, noise vulnerability, installation of
sensors, etc. are important factors to consider when selecting a sensor
type. Apart from these considerations, the structure of the components
under test must be taken into account in order to get effective in-
formation from the measured data. Considering the structure of the
major electrical components, power networks can be divided into two
categories,

PD signal S
measured
w Data capturing Signal
system processing
A
H,

Fig. 3. Design map for PD sensor and measurement.
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Closed size component (CSC): the components with definite size that
are positioned at a specific place can be categorized as CSC. Power
transformers, generators, motors and switchgears can be considered in
this group.

Open size components (OSC): the components that are distributed
along a wider region (few hundred meters up to kilometers). Mainly,
power lines are categorized as OSC.

Various review papers have been published providing comparison
of the commonly used PD measurement solutions for different power
components [9,10]. The published work mainly presents the ad-
vantage/disadvantages of PD sensors and methodologies applied for PD
monitoring of individual components. However, there is neither so
called a universal sensor solution that can be used reliably for PD ap-
plications in different power components nor integrated (multiple
components) PD monitoring systems. Based on recent literature survey
and the authors’ own experience of exploring various features of sensor
design for PD measurements, the detection and location diagnostics
performance of five accustomed methodologies is presented in Table 1.

It comes out that chemical and optical sensing has limited use for PD
diagnosis due to their specific operational nature. Dissolved gas analysis
(DGA) based chemical method is frequently used for PD investigation in
power transformers and can be applied to the oil-filled paper or oil
impregnated paper cables with limited accuracy. Both components
generate the same type of gases at similar stresses, however, due to
different geometry; the measurement arrangement is quite different in
both cases. Hydrogen, methane, ethylene, and acetylene are the major
gases that are generated from the decomposition of the oil. Samples for
measurement are usually taken from the sealing ends or the joints. Gas
concentrations in oil samples are a combination of gases coming from
the aging site of the cable insulation to the spot of sampling [23]. Al-
though it is still possible to apply DGA analysis to the oil impregnated
paper insulation based cables, the performance of DGA based results for
power cables has not reached the degree of sophistication that is ob-
tained from transformers. Therefore, DGA analysis is hard to use for
power cable diagnostics. Similarly, due to limited capability, optical
measurement methods are not useful for power cable and transformer
to carry out PD measurements.

Considering the acoustic environment, during PD activity the dis-
charge events appear as small explosions within the insulation, which
initiate mechanical vibrations that propagate through the insulation
towards the measurement sensor. These pressure waves are sensed by
the microphone based sensing transducer and produces electrical pulses
of proportional frequency and amplitude [24]. While propagating from
the source to sensors the effects of reflection and refractions, loss of
signal energy due to dissipation in the medium, geometrical spreading
of the waves, and distance travelled impacts the velocity of wave pro-
pagation, amplitude, frequency spectrum of the acoustic signals which
can cause serious errors during PD diagnosis [25]. The distance of the
PD source plays a significant role in the performance of these sensors.
These sensors are suitable for the CSC category with the possibility of
installing the sensors at the outer casings of these components. In the
case of OSC, the underground cable, substation feeders typically span
over tens of kilometers having cable sections of several hundred meters.
Here the possibility of installing PD sensors is limited to the cable joints,
terminations, or to the power tapping points along these lines. There-
fore, the acoustic sensors are not a suitable option for the PD mon-
itoring in OSC.

During PD events, electric energy is transmitted in irradiated and
conducted forms that are, i). electromagnetic wave radiation (EMWR)
and ii). electromagnetic current pulses (EMCP). VHF-UHF sensors
measure EMWR while HF sensors normally measure the EMCP signals.
The VHF and UHF ranges are from 30 MHz to 3 GHz and the HF range is
from 3 to 30 MHz. In addition to non-intrusive efficacy, notable fea-
tures of VHF-UHF are the wide band frequency and good sensitivity.
VHF-UHF sensors are common for PD monitoring of CSC, however, for
medium voltage (MV) cables (OSC), these ranges are not desired. High
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frequency components of the PD signal face immense attenuation while
propagating along the line. Due to higher attenuation at high frequency
components, the signal to noise ratio (SNR) becomes low, therefore it is
important to perceive a frequency range of interest. Detailed in-
vestigations made on a 260 m long MV cable in Ref. [26] presents sever
attenuation for the frequency components above 30 MHz and are em-
bedded with considerable noise making very poor SNR. Similarly, the
attenuation of VHF-UHF signals within the transformer varies between
5 and 13 dB/m, depending on the location and therewith the traveling
path of the VHF-UHF signals, therefore, measurements in the VHF-UHF
ranges are vulnerable to location errors during PD diagnostics [27].
Inductive (HF) sensing is being used since long as a rigorous solu-
tion for detection and location of PD faults in cables. In transformers,
induction sensors have already been in use for PD monitoring with
emphasize on the location of faults [28]. Moreover, recent advances
have enabled efficient location indication of insulation defects based on
current measurement methodologies. This includes extracting the lo-
cation based information of the faults from current pulses measured
through transformer bushings and line neutral along with phase re-
solved analysis (PRA) technique [29,30]; further details are given in
Section VII. Due to substantial developments in current sensing appli-
cations integrated with Machine Learning and Neuro-Fuzzy techniques,
the adoption of inductive sensors can be a step forward towards a
‘universal’ sensor for PD monitoring distribution network components.

5. Rogowski coil for efficient PD monitoring

Because of their non-intrusive application that provides a good
possibility for online measurement without disconnecting the compo-
nent’s supply and operation, high frequency current transformer
(HFCT) and Rogowski coil sensor (RCS) are the most commonly used
inductive sensors. However due to the flexibility of the physical design
and robust operational features, RCS are preferred over HFCT in many
applications [31,32]. Compared with HFCT, air-core construction of
Rogowski coil does not have the limitations of magnetic saturation and
therefore higher bandwidth can be achieved if needed. Furthermore,
the preferred capabilities of Rogowski coils can be seen in the special
report presented by the working group of IEEE Power Engineering So-
ciety in 2010 [33].

5.1. High frequency Rogowski coil sensor

5.1.1. Laboratory Implementation

A Rogowski coil consists of an air-core wound with a conductor of
suitable diameter. The winding is done from End A of the core towards
End B and then a return loop made through the center of the core (End
B) back towards End A. Both the winding terminals P; and P, are
available at the same end and therefore enable the coil to be openable
to put around the power line under test (see Fig. 4). The geometrical
parameters of the Rogowski coil are shown in Fig. 5(a) where a is the
internal diameter, b is the external diameter, h is the width of the coil

Table 1
Performance comparison of PD diagnostic methods for distribution network.
Components (D: detection, L: location).

Measurement methods Task Cables/CC lines Transformer GIS
EM-Waves measurements D - + +
L - + .
Electrical measurements D + + +
L + + -
Acoustic measurements D - + +
L + + +
Chemical measurements D + + +
L - - —
Optical measurements D + + +
L - + -




M. Shafiq et al.

Electric Power Systems Research 167 (2019) 150-162

Fig. 4. Basic construction of Rogowski coil.

turn, d, is the diameter of the wire used in the winding, and N is the
number of turns. Considering the electrical parameters of the coil, R, L,
and C are the resistance, inductance and capacitance of the coil. As an
external component, R, is the terminating resistor. Electromagnetically
induced output voltage V,(t) of the coil is directly proportional to the
time derivative of primary PD current iy(t) as shown in the electrical
model of Fig. 5(b).

Damping of unwanted oscillations induced due to the electrical
parameters of the coil using a selected matching terminating resistance
R,, integration of V,(t) to get the current signal iy, and finally the ca-
libration of the sensor prototype using a commercial sensor to get the
primary signal iy, are the stages that bring the full scale laboratory
implementation of the RCS, as shown in Fig. 6. The development of the
sensor and the experimental investigation was carried out in the HV
laboratory at Aalto University.

5.1.2. Performance parameters

Although Rogowski coil sensors are commercially available, con-
tinuous research on the sensor is ongoing. This paper addresses further
improvements with regard to the design, performance, and application
aspects. The amplitude and frequency are the most imperative char-
acteristics of PD signals, which depend upon the size of the insulation
defect, applied voltage, material properties, the location of the defect
near conductors/insulation, and the environmental conditions. A sui-
table design of the measuring sensor plays a significant role in order to
get the reliable traces of the ongoing PD activity.

Considering the design aspects, the electrical parameters determine
the amplitude and frequency behavior of the sensor while the electrical
parameters are derived from the geometrical parameters as,

A

a2 (@)

Mo rro b

L=—N? In—
2 n a ®

c = 2meo(a+b)

B ln(zwm)'
d (C)]

(a)

Fig. 5. Modelling of Rogowski coil. (a) Geometrical parameters model (b) lumped parameters model.

Being [ and d the length and diameter of the cable, respectively, p is
the resistivity of the wire and A = (b — a)h/2. Finally, M is the mutual
inductance given by,

Ko b

The amplitude behavior of the sensor refers to the sensitivity while
the frequency behavior establishes the bandwidth of the sensor. The
sensitivity can be described in V/A at certain frequency which re-
presents the output voltage V,(¢t) measured by RCS in response to the
primary current (i) flowing through the under test components and can
be expressed as:

di,
0= Mg an
where M is also termed as the sensitivity of RCS and |, is the perme-
ability of free space. The resonant frequency of the Rogowski coil in-
dicates the range of the bandwidth and is specified in MHz. The
Rogowski coil acts as an RLC type filter with resonance frequency f;
determined by,

= 1
' onJIC 12

The resonance frequency of Rogowski coil can also be observed
practically using the Fast Fourier Transform (FFT) of the response of the
Rogowski coil for a short duration pulse of few nano-seconds. The
bandwidth of the Rogowski coil is given by fgw = (fu — fi) where fyy
and fi are the upper and lower cut-off frequencies. The resonant fre-
quencies of two RCS prototypes tested in Fig. 7, can be obtained from
the frequency domain plots shown in Fig. 8.

In addition, directional sensitivity is a useful feature of Rogowski
coil, which enables it to identify the direction of arrival (DOA) of the
current pulse based on the measured polarity of the incoming. It is
common to record the PD data during the whole power frequency cycle
that provides the opportunity to make phase resolved analysis (PRA).
The positive PD pulses appear during the positive half-cycle while the
negative half-cycle contains negative PD pulses. When the Rogowski
coil measures a PD pulse with the negative polarity, it means that the

YYvyvyvyy

(b)
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Fig. 7. Experimental setup for investigation of Rogowski coil prototypes.

direction of the PD pulse is into the Rogowski coil as shown by a cross
in the center of the coil in Fig. 6. Similarly, the PD pulse measured with
positive polarity means that the DOA of PD pulse is coming out of the
Rogowski coil.

The design of a Rogowski coil to measure partial discharges can be
addressed in two different ways depending on the application.
Rogowski coil sensor can be designed in resonance operation without
terminating resistor if the main purpose is to detect the partial

discharges and the direction of arrival of the PD pulses in a certain
asset. In this case, the response of the coil is not damped and it is very
oscillating. The other way is to use the Rogowski coil with a terminating
resistor when the objective is to detect the pulses along with the in-
formation about their shape. The later design is more complicated since
we need to define the bandwidth of the sensor where it is self-in-
tegrating and to use an optimization method to define the geometrical
parameters.

Both cases are explained in the paper in sections V.B. and V.C.,
respectively. In both cases, it is necessary to have an idea of the band of
frequencies in which the partial discharge has energy. This band is
closely related to the transmission line from the discharge site to the
location at which Rogowski coil is installed which, from personal ex-
periences and studies, it is found that the bandwidth from 1 MHz to
30 MHz [34,35] is suitable for a wide range of electrical equipment.

5.2. Design consideration for a Rogowski coil

The impact of the change in the geometrical parameters of the
Rogowski coil can be analyzed by testing two coils with different de-
signs. The measurement setup shown in Fig. 7 is used to test two pro-
totypes of the Rogowski coil (Coil 1 and Coil 2). A commercial HFCT is
used to measure the primary PD pulse to provide reference measure-
ments. Fig. 8 presents the time and frequency domain response of both
coils. It can be observed that Coil 1 has a resonant frequency of
26.8 MHz while Coil 2 has a resonant frequency of 60.7 MHz. Ad-
ditionally, the resonant peak of Coil 1 is larger than the peak of Coil 2.
This behavior, shown in Fig. 8a, was determined applying a sinusoidal
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Fig. 8. Performance comparison of Rogowski coil. (a) Frequency domain, (b) time domain.
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input voltage with a function generator to the primary conductor pas-
sing through the Rogowski coil. The conductor was a short 50 Q2 coaxial
cable with a low-induction resistor connected to the other end so this
voltage can be considered proportional and in phase with the current.
The resulting sinusoidal voltage at the output of the Rogowski coil was
measured with an oscilloscope. The frequency of the function generator
was changed gradually obtaining different points for the V/I transfer
function. The frequency with the highest output voltage was identified
as the resonant point. At that instant, the ratio between the output
voltage and the injected current was 19 mV/A for Coil 1 and 9.51 mV/A
for Coil 2. This means that an ideal current pulse passing through the
coils would give a larger response for Coil 1 so this coil would have
larger sensitivity. These values will be considered as the sensitivities of
the coils. Since the resonant frequencies depend on the geometry of the
coil, the design of a Rogowski coil should be done taking into account
the type of signal to measure and its frequency response. The band-
width of the Rogowski coil would have to be centered in a resonant
frequency determined by the frequency spectrum of the input signals. If
partial discharges were to be measured with these coils, they would
need to have a reasonable amplitude at the resonant frequencies to
reach a sensitivity of 19 mV/A and 9.51 mV/A, respectively. The fre-
quency spectrum of an ideal PD pulse can be considered flat from low
frequencies up to high frequencies and therefore the sensitivity of a
Rogowski coil with a resonance frequency in the frequency range of a
PD pulse can be high enough to measure it.

Tables 2 and 3 provide a comparison of the designed geometrical
parameters, experimentally determined electrical parameters, and the
observed operation performance parameter for PD measurements. In
this comparison, the number of turns of Coil 2 is twice that of Coil 1
while the other parameters are the same. It has been observed that the
sensitivity of Coil 2 becomes two times higher while the resonant fre-
quency has decreased to 40% of that of Coil 1. It should be noted that
changing one geometrical parameter affects both the sensitivity and
resonant frequency in a certain proportion. More importantly, the same
percentage change in different geometrical parameters (changing one
geometrical parameter at a time); provide a different percentage change
in the sensitivity and resonant frequency. Similarly, other parameters
such as a, b, and h can be changed, based on requirements of physical
design of the coil.

5.3. Optimized design of a Rogowski coil with terminating resistor

By investigating the flexibility of the RCS design and identifying the
methodology of its performance evaluation, a suitable design of the RCS
with an optimum sensitivity and bandwidth can be developed so it can
measure the shape of PD signals from both cables and transformers even
when the pulses have different spectral characteristics. An appropriate
way is to determine an optimum bandwidth that can encompass the PDs
from cables and power transformers that lead to select a suitable range
of the geometrical parameters of the coil which has been considered to
be from 1 MHz to 30 MHz as explained before.

To develop the intended design of the Rogowski coil, we propose to
maximize an optimization function based on the geometrical para-
meters of the coil. Since the requirements of the sensor is to have
maximum bandwidth and maximum gain, the objective would be to
maximize the gain-bandwidth product (GBWP) considering certain
boundaries constraint for the geometry. The design presented in Section
V-B does not include the external components i.e., the resistance of the
terminating resistor. This resistor connected at the output of the
Rogowski coil plays an important role in modifying the bandwidth of
the sensor [36] since it splits the double complex pole that creates the
resonance into two poles at low and high frequencies, f;, and fy, re-
spectively that would be the new bandwidth. Then, the transfer func-
tion between voltage V, and current ip would have a flat frequency
response between those two frequencies with a constant gain or sensi-
bility. Considering the model of the Rogowski coil represented in Fig. 5,
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the transfer function is given by the following expression [36],

RM:
1 VS 1(s).

Vol(s) = 5
LR,Cs* + (L + RR.C) s+ R+ R 13)

There are five design parameters: a, b, h, N, and R, that will de-
termine the best GBWP with the lower and upper bounds as shown in
Table 4. The internal diameter of the coil a has been set to a minimum
of 100 mm to be able to enclose the bus bars while the external dia-
meter b has an upper bound set to 300 mm so that the coil does not
interfere with other devices close to the measuring point. These same
criteria have been applied to the width of the turns h, which would be
restricted between 10 mm and 40 mm so the coil can be easily bent and
clamped around the bars.

There are also some other constraints in the design: the external
diameter must be larger than the internal and the decision has been to
setb > a + 10 mm; and the poles of the transfer function (Fig. 9) must
be real to ensure that the resonance has been eliminated; additionally,

the desirable theoretical limits of the bandwidth must be i < f, and

fa < % in MHz. Notice that, though the bandwidth seems to be very

wide, the effective limits of the band where the frequency response is
flat are narrower due to the fact that the transfer function is second
order with real poles. As a figure of merit, we have considered that we
have an output voltage proportional to the input current when the
phase shift in the frequency response is lower than 10°.

The metaheuristic method of finding the optimum GBWP is based
on particle swarm optimization with a swarm size of 2000 particles and
variable inertia that provide the set of optimized parameters as given in
Table 5.

From Fig. 9, the gain for this Rogowski coil is 0.94 V/A and the
effective bandwidth, considered as the limits where the phase shift is
below 10 degrees, ranges from 700 kHz to 29 MHz which is suitable for
a wide range of electrical assets as was the objective of this design.
Partial discharges propagated through cables with energy below
700 kHz, being quite unusual, could still be measured with the designed
sensor though they would be attenuated and shifted due to the resulting
frequency response. The same would happen with pulses with energy
above 29 MHz.

6. Integrated monitoring scheme for cable feeder using Rogowski
coil sensor

The HV and MV cables with extruded insulation and their acces-
sories are designed, tested, and installed, complying with the IEC 60840
[37] to ensure reliable operation of the cable system during likely
stresses. Similarly, IEC 60076 [38] deals with the insulation system of
power transformers considering not only oil, bushing, winding and
terminal insulation but also the clearances between the live parts as
well as with the air. However, regardless of all improvements in ma-
terial and production technology, the defects emerge and cause initia-
tion of PD signals that are to be measured and analyzed to predict the
progressing threats before failure.

A typical distribution network consists of a large number of com-
ponents distributing power to the consumers. For instance, Energex (an
Australian power distribution utility) operates 300 HV/MV substations
where each substation runs of 6-12, 11 kV feeders, 80-50 MV/LV
transformers that serve 50,000-100,000 customers [39]. Fig. 10 shows
a typical primary substation (HV/MV transformer) having four cable
feeders supplying several secondary substations (MV/LV transformer).

Table 2

Geometrical design parameter of RCS prototypes.
RCS type a b H n
Coil 1 155.0 mm 131.0 mm 12.0 30
Coil 2 155.0 mm 131.0 mm 12.0 60
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Table 3

Electrical parameters of RCS prototypes.
RCS type  C (pF) L (uH) M (nH)  Resonant frequency (f,)  Sensitivity
Coil 1 57pF  1.20pH 9.51nH  60.7 MHz 9.51 mV/A
Coil 2 15.2pF 233puyH 19.0nH 26.8 MHz 19.0 mV/A

Table 4

Lower and upper bound to determine the optimized design of Rogowski coil.

Parameter Lower bound Upper bound
a 100 mm L

b 100 mm 300 mm

h 10 mm 40 mm

N 3 turns o

R 10Q oo

Here feeder F; is branched into feeder Z and Y at T-Junction J; sup-
plying power to two different locations of customers. The sensors in-
stalled at the nodes (joints, cable sections, and transformers) are shown
in Fig. 10.

6.1. Integrated condition monitoring system for MV cable feeder

Along the cable feeder, the components that are most vulnerable to
insulation faults and are focus of this work are cable sections, joints,
terminations, tapping points, and transformers as shown in Fig. 10. A
comprehensive condition monitoring model is presented in Fig. 11. The
data measured from multiple RCSs is transmitted to the processing
computer using Information and Communications Technology (ICT)
solutions. Advances in digital electronics and computers realize the
implementation of high-performance yet low-cost measuring instru-
ments. The PD analyzer can now utilize the combination of FPGA (field
programmable gate arrays) and computer based system for im-
plementation of the complicated digital part without compromising
ease of use [40].

Matlab based algorithms can be developed with the features of data
comparison (polarity of the PD signals), fault detection, location, and
quantification. The polarity of the first peak represents the polarity of
the measured PD signal. The algorithm mainly aims at analyzing the
data obtained from each sensor individually as well as pairing with the
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Table 5

Optimized parameters of the Rogowski coil.
Parameter Value
a 100 mm
b 221 mm
h 36 mm
N 194 turns
Ry 182 Q

sensors. It is based on a successive adjacent data comparison (SADC)
approach. This approach performs a comparison of the PD data of one
sensor with that of the adjacent sensor and then with the next adjacent
sensors. The SADC array can be described as (R;1, R12), (R12, R21), and
(R,1, Ryo) and so on. Based on the DOA technique developed in Ref.
[41], the faulty parts of the feeder can be identified. If the cable section
between a pair of any consecutive sensors (Ry1, Ry,) is identified as the
faulty section, the algorithm will carry out further diagnostics. The
overall framework for PD monitoring and diagnostics is shown in
Fig. 12, which highlights the use of different available techniques for
detection and location of the PD signals and sources in transformers,
cable, and cable accessories.

When a cable section is identified as the faulty part, it needs further
diagnostics to find the location of the defect. Time-domain re-
flectometry (TDR) and time difference of arrival (TDOA) techniques are
commonly used to locate the faults on cables [12,42]. The accurate
information of the wave propagation velocity of the cable plays an
important role to improve the accuracy of location of the fault. If the
node sensors declare a transformer as the source of captured PD signals
based on DOA observation, the location of the PD defect is the next
stage to accomplish the diagnosis. Here again the PRA is the front end
technique to assess if these are corona, surface or internal discharge
activity that usually correspond to terminal, contacts, bushing, and
windings. When the PD pulses propagate from the source location to the
measuring sensor, attenuation and dispersion due to the transmission
line are embedded on the signals. Therefore, for deeper investigation of
possible defects located within the transformer windings, the transfer
function technique can identify the fault location based on the shape of
the PD pulse [43]. Similarly, machine learning based pattern recogni-
tion techniques developed with a test and training approach is another
solution for speedy fault location in transformers [29,30].

Frequency Response

Magnitude (abs)

Phase (deg)

Frequency (Hz)

Fig. 9. Frequency response of the designed Rogowski prototype.
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6.2. Major considerations for the implementation

Periodic and continuous monitoring are commonly used approaches
for condition assessment of electrical components. Periodic monitoring
is traditionally performed one to four times per year depending on the
acuteness, economic worth, intensity of incoming threat, and rate of
defect progression based on previous observations [44]. Periodic
monitoring is performed mostly in both on-line and off-line modes. The
insulation defects may manifest in between two consecutive periods
and the unavailability of trend establishing data may cause a failure
before the next inspection. Especially in today’s grid operational sce-
nario where the stress profile is changing and the impacts are still un-
known to the existing insulation system, which was not designed for the
emerging domain of non-standard stresses. The need for continuous
monitoring has never been as critical as it is today. Continuous mon-
itoring is generally carried out in online mode. The sensors are per-
manently installed and the data is recoded locally (on site recording
instruments) or remotely (using wireless links interfaced with sophis-
ticated information technology based solutions). Two major con-
siderations for practical implementation of the proposed monitoring
scheme are discussed below.

Cable sections
Terminations

secondary
transformer

MYV cable feeder
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Rt 1

H
H

Fig. 10. Integrated PD monitoring scheme of cable feeder using Rogowski coils.

6.2.1. Economic considerations

Limiting the sensors’ requirement, with double side monitoring
scheme (DSMS) for a cable feeder (shown in Fig. 10) with n number of
transformers, m number of straight joints, and p number of branched
joints (with 3 branches), the required number of sensors can be de-
termined as:

Npp =2n+ 2m + 3p. a4
The number of sensors can be reduced to,
Nppi-=n+m + 3p, (15)

i.e., that refers to single side monitoring scheme (SSMS) with no
change in branched nodes. However, the major drawback of this in-
stallation scheme is the reduced reliability of PD location for transfor-
mers while fault detection will still be done effectively.

6.2.2. Data processing

A high frequency DAS is needed for reliable measurement of PD
signals. Therefore, the issues related to the size of data storage/pro-
cessing in the proposed integrated monitoring scenario put significant
limitations. PD activity (shown in Fig. 7) captured in the laboratory

State evaluation program

Clear

Fault detected
Fault indicating sensor pair (R,; R,,)

|

Fig. 11. Integrated condition monitoring model for MV cable feeder.
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Fig. 12. Framework for monitoring and diagnostics using Rogowski coil sensor.

setup by a 60.7 MHz RCS system during a power supply cycle (20 ms in
Fig. 13) with a DSO having 12-bit analogue to digital converter (ADC)
and 2.5 GS/s sampling rate, needed approximately 70 Mbyte when
stored as an ASCII data file. When such data of four sensors was pro-
cessed with computational software, it needed considerable time even
for very basic analysis. Implementing the proposed scheme for an entire
feeder or substation requires a large number of sensors, this means a
huge amount of data during online monitoring is fairly challenging.

For real application, a practical consideration should be made. The
sampling rate should be selected according to the bandwidth of the
measurement sensor with respect to Nyquist sampling frequency.
Therefore, based on the resonant frequency of the Rogowski coil of
60.7 MHz, a sampling rate of 125 MS/s was selected to capture the PD
signals. This has reduced the number of samples significantly to 5%.

In order to make the monitoring system more agile a smart data
processing solution can be implemented based on the very nature of the
PD activity. The PD data during a complete power cycle presents the
PRA in order to recognize the type of PD defect whereas individual PD
pulses with parameters, amplitude, polarity, peaks, pulse width, and
rate of rise or fall, are required to analyze the PD defect and its location.
Therefore, data for a complete cycle is proposed. Similarly, it is pro-
posed that a limited number of PD pulses can be ‘picked’ during each
cycle based on a set threshold for peak values of the pulses.

Considering the above-mentioned measured data, the PD pulse
width is in microsecond (us) range. The pulse width of the captured PDs
were between 0.1 ps—0.5 ps. The pulse of 0.5 ps width takes approxi-
mately 60 samples. Based on laboratory investigation each power cycle
may have few pulses of significant intensity/amplitude. Extracting two
pulses from each half cycle, the number of samples required to capture
the useful PD data during 1 s is 12,000, which means 0.0168 MB. If we
extend the monitoring time to an hour and then to 24 h around the day,
this data becomes 80.64 MB for one sensor. Similarly, for continuous
monitoring of a part of the network using for instance 10 sensors over
the whole year, the amount of data to be processed will be 2060 GB. A
complete year of monitoring of several components can be done with
this amount of data. Nevertheless, the data should be processed prior to
saving it so that it would not be necessary to store the entire data but
the critical data that provide the statistical trends and relevant para-
meters. As the PD activity is usually a continuous degradation process,
monitoring of 1 sample per hour should be a suitable resolution that
will have no effect on the reliability of the monitoring.

7. Conclusions

The paper aims at developing efficient non-intrusive and integrated
monitoring solution for distribution network components with em-
phasize on cables, cable accessories, and transformers. The paper
combines several aspects of PD monitoring including the mechanism of
PD activity, the selection of a compatible and optimized design of a
Rogowski coil for PD measurement, the installation of the sensors and
the diagnostic possibilities. The design of the coil is based on the
maximization of the gain-bandwidth product because it is considered
important to have the output of the sensor proportional to the input.
This makes it possible to study the characteristics of the pulse to extract
the features of the partial discharge for identification of the failure.
However, other objective functions can be applied in the design to give
prevalence to other features of the measurement: for instance, if the
interest of the measuring system is the simple detection of low energy
PD, the gain of the coil jeopardizing the detection frequency band
should be maximized.

Based on the simple directional feature of Rogowski coils, the pro-
posed technique of measurement and integrated sensor installation
scheme presents a modest solution for detection and location identifi-
cation of PD site in MV cable feeders. The presented monitoring scheme
is studied for cable feeders; however, it can be equally used for covered

Supply Voltage

Output of Rogowski coil

Supply Voltage (kV)
Output of Rogowski coil (V)

0.01 0.015
Time (s)

PD measured during a power supply cycle using high sampling DAS.

0.005 0.02

Fig. 13.
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conductor (CC) distribution feeders in which PDs are caused by falling
trees. The presented concept will add and contribute to the ongoing
development of grid automation and the ability of the power grid to
adopt the infrastructural growth with increased reliability.
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