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Abstract

After the disastrous “Black Saturday" bushfires of 2009, bushfire mitigation efforts for
preventing power line faults has become one of the most intriguing research topics for the
Australian industry. This thesis presents narrowband channel modelling efforts supported by
experimental analysis of key fundamental concepts in developing a novel Power Line
Communication (PLC)-based protection scheme for rural Single Wire Earth Return (SWER)
networks. A SWER line often breaks and makes contact with vegetation when hit by a falling
tree, starting fires. The proposed protection scheme relies on transmitters at various ends of
the network continually transmitting to a receiver at the substation end. If the line breaks,

then there will be a loss of transmission indicating a potential line breakage.

Irrespective of the application, accurate channel modelling is critical in studying how the
SWER channel would perform as a potential communication channel for PLC signal
transmission and assessment of the channel’s performance with regards to key questions on
the attenuation, signal-to-noise ratio, and reliability. This thesis therefore presents
narrowband modelling procedure and analysis of an exemplary SWER distribution network
as a potential PLC communication channel. The protection scheme is to be implemented
over this channel. The research presented focuses on the channel modelling and network

coupling aspects of the work, rather than the design of the protection scheme itself.

Narrowband network modelling includes High-Frequency (HF) modelling of overhead
conductors, transformers, and a capacitive coupling circuit. Three different types of SWER
conductors have been tested and modelled to justify the model. Line modelling was
undertaken based on the mathematical modelling of overhead conductors using a lossy line
model with frequency-dependent characteristic such as the characteristic impedance, line
resistance and radiation. Another key contribution is the introduction of a modelling method
that relied on s-parameter measurements of network elements such as transformers and
coupling circuits and their integration into the narrowband model. This was used particularly
in the modelling of transformers by measuring, recording, and integrating real data from
these network elements. One-port winding impedance measurements and two-port s-
parameter data have been integrated into the model significantly reducing the effort required

in the modelling of transformers evading a time-intensive discrete modelling process.
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High Frequency (HF) modelling of an entire end-to-end network has enabled simulation
of the overhead network to predict PLC signal tone strengths for a number of cases including
the de-energised and grid connected network scenarios. The technique has been used for an
evaluation of the profile of transmitted and received signals under different conditions. The
proposed narrowband model has been verified by comparing with measurements from field
injection tests. PLC propagation field tests were successfully undertaken with the logistic
support from the industrial partner, which included network access, site acquisition and other
in-house support during the test dates. Results show high accuracy between the actual
measurements and the model predicted signal strengths with a mean error rate of 2.27 dB
and 3.10 dB across the frequency band for the de-energised and grid connected cases
respectively. The network model has also been used to analyse the impacts of parameters
such as network size, pole height, and loading effect on the PLC propagation with findings

expected to inform the development of the proposed protection scheme.

Development of a High Voltage (HV) coupling circuit is one of the biggest challenges in
HV-PLC applications. In this work, a HV coupling capacitor based L-C impedance matching
circuit has been designed, built and tailored for the proposed SWER PLC protection
application. Impedance characterization of the power line integrated HV-coupling capacitor
was a real challenge, which has been addressed in this thesis and a simplified method
demonstrated for its modelling. This frequency dependent impedance measurement
technique could be used to categorize the impedance characteristics of other HV-coupling
capacitor-based PLC applications. The designed coupling circuit shows promising

performance, with only around -4 dB insertion loss for evaluated 50 kHz to 150 kHz band.

The thesis has been divided into seven chapters. Chapter 1 introduces the motivation
behind the work, key objectives and the methodology employed. Chapter 2 covers an up-to-
date literature review. Chapter 3 comprises the design, evaluation and performance analysis
of the proposed HV capacitive coupling matching circuit. Chapter 4 presents impedance
modelling of a various SWER conductors with mathematical detailing. Chapter 5 discusses
a novel hardware in loop approach for modelling HF SWER transformers. Chapter 6
represents the entire end-to-end network model, its simulation studies, and comparison of
simulation results against measurements from field propagation tests. Chapter 7 includes the

conclusion by summarizing all significant key findings with hints on potential future works.
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Chapter 1

Introduction

1.1 Introduction

Single Wire Earth Return (SWER) is a popular power distribution medium in rural
Australia. A total length of about 200,000 km of SWER lines, at 19.1 kV and 12.7 kV voltage
levels, is still in operation in this country [1]. SWER has a lot of advantages such as being
inexpensive, easy to install and requiring only one pole. It may therefore be the best possible
solution to supply electricity to the sparsely populated areas. SWER has some prolonged
critical weaknesses such as exposure to vegetative High Impedance Faults (HIFs). This is
primarily because of the fact that the SWER conductor is very thin and runs through forests
and other vegetation under very high tension [2]. Due to wind, lighting or other likely causes,
this SWER conductor often breaks and makes contact with vegetation creating HIFs, which
may produce embers that could start bush fires.

Arching as a result of contact by a falling tree branch is also likely to lead in to a bushfire.
The research on the history and reason of the disastrous “Black Saturday” of 2009, reveals
the fact that HIFs of the SWER line was one of the main cause behind the catastrophic event
[2, 3]. After this incident research on the detection of HIFs on a power line get accelerated
exponentially in Australia. The current technology is not sensitive enough to detect such
vegetation faults. This research is expected to evaluate a SWER Channel to implement a
highly sensitive PLC-based Protection Scheme to reduce powerline ignited bushfires in rural
networks. The main focus of this work is to develop a complete SWER system in microwave
office platform to observe its behaviour and analyze the reflection from other network
elements such as coupling circuit, transformer on the SWER channel at high frequency PLC

signal.
1.2 SWER Networks

The SWER network, depicted in Fig 1.1, is a cost-effective solution in rural

electrification. The distinguishing feature of a SWER network is that the earth is used as the
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return path for the current, to avoid the need for a second wire (or neutral wire) to act as a
return path. For these networks, the normal load current is therefore simply designed to flow
to earth. Power is supplied to the SWER line by an isolating transformer, which isolates the
grid from ground or earth, and changes the grid voltage from 22 kV to the SWER voltage
(12.7 kV). The SWER network consists of a single conductor that may stretch for tens or
even hundreds of kilometres, with a number of distribution transformers along its length.
Current flows from the line, through the primary coil of a step-down local transformer, to
earth through an earth stake. The secondary winding of the step-down local transformer
supplies the customer with the OV line connected to the safety earth that does not normally

carry any current.

12.7kV/240 V
Local Power
Transformer

12.7kv/240V
Local Power
Transformer

Remote-controlled
Automatic Circuit
Recloser

Typically 300kVA
22/12.7 kv
Isolation

Communications Transformer

ACR Control and \\
Cubicle 1

Earth return path Earth return path

Fig 1.1: Schematic arrangement of a complete PLC system

The SWER design simplicity offers some bushfire mitigation features because the single
line cannot simply clash with other lines. However, SWER networks consist of thin and
typically long conductors under high tension and the conductor is prone to breaking when a
fault occurs. A broken SWER conductor can short to ground across a high-impedance
structure such as a tree. On SWER networks, the only type of short circuit fault is a phase to
earth fault. It is often a challenge to detect such high impedance phase to earth faults because
a small additional current due to vegetation contact cannot be always be distinguished from
the current caused by a small amount of additional customer load. Hence, low current faults

in SWER networks such as a dry tree branch contacting a live wire may not be immediately
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detected by over-current protection systems and the line remains energised. The line could
remain ‘live’ for long periods increasing the likelihood of a fire starting. The SWER
conductor could fail for several reasons including failure due to age, corrosion or impact
from a tree. Most impacts will cause the conductor to fail thus initial contact and, in most
cases, the fire will not start until the conductor has been in contact with the ground for some
time. If the SWER protection operates to trip the conductor before it hits the ground, then
the fire can be prevented. The undertaken PhD project has been part of a larger industry
funded project that aimed to develop a novel protection system for Single Wire Earth Return

(SWER) networks utilizing the Powerline Communication technology.
1.3 Current SWER Protection Schemes

Automatic Circuit Reclosers (ACRs) are usually used for protection in SWER systems.
The ACR control and communications cabinet often includes protection relays incorporating
directional overcurrent, negative phase sequence and earth fault protection elements. The
main problem is that the relay incorporating the overcurrent element fails to detect the high-
impedance fault conditions and fails to trip the ACR. An alternative to the scheme depicted
in Fig 1.2 is required for more effective fault detection in SWER networks [4]. The ACR is
used as a circuit breaker that trips when a fault is detected.

22 kV

Automatic Circuit
Recloser
Typically
300kVA

1 22/12.7 kV
| Isolation
Transformer

ACR Control and ‘

\_—/v Communications

Cabinet

SO (A M S—

-_—

Fig 1.2: Existing SWER protection systems
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The ACR control cubicle provides all the protection, data logging and communications
functionalities in a single device. The basis of fault detection should be to detect the broken
conductor, not the current flow to earth or the increase in the line current. Ideally, the desired
scheme should operate to trip the ACR before the conductor hits the ground for maximised
fire prevention. High fault detection sensitivity and low risk of false positives and very high
protection operating speed are amongst the desired performance criteria.

1.4 Proposed PLC-Based Protection Schemes

Fig 1.3 shows the proposed PLC-communications based SWER protection scheme and
one available connection options, i.e. coupling onto the MV line. The concept relies on
detecting broken conductors by placing PLC transmitters at certain positions at the end of
SWER lines with a receiver at each ACR. If the signal is lost, then the ACR is
instantaneously tripped.

Coupling Coupl_ing
Capacitor Capacitor

G ) —— ]

) »
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" ZCoupling
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Fig 1.3: PLC-Based SWER Protection Concept

A line trap prevents the transmission of high frequency carrier signals unwanted
destinations by presenting high impedance to carrier frequencies and low impedance to the
50 Hz power frequency. Powerline Communication (PLC) is a communication method that

uses the existing overhead electrical conductor for data communications. In contrast with the
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electric power frequency, PLC utilizes high-frequency signals with components beginning
from a couple of hundred Hz up to a couple of hundred MHz [5, 6].

Frequency separation and safe isolation of the 50 Hz power frequency and over voltage
transients occurs in the coupling device (line tuner). PLC signals are often transmitted in the
CENELEC-A frequency band from 9 kHz to 95 kHz, which is the band set aside for use by
Power Supply Companies. The main challenges with PLC communications are high noise,
and high attenuation. These challenges and an analysis of their impacts on the application of

PLC communications in the protection of SWER systems are at the core of this research.

Individual transmitters shall be used at the end of each branch (i.e. the spur) to allow
uniquely coded PLC signals to be transmitted from the end of each branch. The individual
transmitters should be configured in such a way to allow the transmission of unique PLC
signals from each end and their identification at the receiver, which will be placed as close
to the ACR as possible. Any combination of the loss of signals should initiate the tripping
of the ACR. An analysis of the uniquely coded PLC signals received at the receiver should
also allow the approximate location (at least the spur fault has taken place) of the fault to be

automatically identified.
1.5 Research Aims

This PhD thesis will critically analyze Single Wire Earth Return (SWER) networks, as
the communication channel, for the implementation of the PLC technology based protection
scheme to avert bushfires. The key focus will be on channel modelling of an exemplar SWER
network to understand how the SWER communication channel would perform for

transmission over in the designated PLC signal frequency band.

A low loss coupling circuit is critical for the implementation of any PLC based application
over power system networks. Low insertion loss coupling circuit is the pre-requisite for an
efficient PLC integrated power network. In this thesis, the design and implementation
procedure of a novel L-C band pass impedance matching coupling circuit for SWER network
is presented. A low loss L-C impedance matching coupling circuit for the SWER line has
also been tailor designed, built and experimentally tested as part of this PhD thesis. It must
be clearly noted that this PhD thesis formed a part of an industry-funded project on the design
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and development of a PLC communications based SWER protection scheme to evaluate the
efficacy and reliability of such a scheme in the detection of conductor breaks in SWER
networks. Works undertaken as part of this PhD composed parts of the overall objective but

did not encompass all tasks.

Wide band modelling of an exemplar SWER network is critical in understanding how the
SWER communication channel will perform. Wide band modelling of the Myers Road
SWER network, as an exemplar communication channel, was carried out using discrete
models for the transmission lines, SWER transformers, and the isolation transformer. This
thesis presents the development of each discrete model as well as system studies. These
models will provide answers to some key questions on the reliability and effectiveness of

the proposed scheme. These include:

e Impacts of line construction, conductor size and materials used in the SWER
network,

e PLC performance in networks with different segments of varying conductor
size/material,

e Impact of the SWER transformer loading on signal attenuation and the carrier
performance and the impact of network size on the received signal strengths,

e Required transmitter output power considering attenuation.

This research thesis presents wide-band modelling and analysis of an exemplary Single-
Wire Earth Return (SWER) distribution network as a potential Power Line Carrier (PLC)
communication channel. This includes high-frequency modelling of overhead conductors,
transformers, and a capacitive coupling circuit. A key contribution is the introduction of a
modelling methodology that relies on s-parameter data measurements and their integration
into the modelling software. High Frequency (HF) modelling of the entire network has
enabled simulation of the overhead network to predict PLC signal tone strengths for a
number of cases including the de-energised and grid connected network scenarios. Model

predictions were then compared with actual measurements in the field.

A SWER transformer is a crucial element of SWER network. An accurate SWER

transformer model at PLC frequency is very important to get the exact impact of PLC
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propagation on the overall network. In this thesis, an exclusive hardware in loop transformer
model for PLC application has been demonstrated, which can be used to represent any
transformer connected to a PLC integrated power network. Hence, the specific objectives of

this work can be summarised as follows:

e Channel modelling of an exemplary SWER network using the Microwave Office
(AWR) platform inclusive of overhead conductors, transformers, and a capacitive
coupling circuit,

e Design and development of a low-loss HV coupling capacitor based matching circuit
and its evaluation in terms of insertion loss and attenuation,

e Wide band modelling of SWER transformer equivalent circuit models to analyse the
impact of reflections from transformer on the PLC signal strength and attenuation
with respect to various loading conditions,

e Evaluation of the efficacy of the SWER network as the communication channel for

digital transmission within the designated frequency band.

1.6 Research Methodologies and Techniques

This thesis has been broken into seven chapters. For each chapter, a specific methodology
detailed by a flowchart below has been developed and followed. Comprehensively, the
workflow in these chapters can be referred to as the research methodology of the thesis. Figs

1.4 -1.8 show these flow charts demonstrating the overall methodology of this thesis.

Step-1 Step-2 Step -3
Study on basic PLC Review on the Discussion on PLC
systems and technical existing and implementation challenges such as
components, such as potential PLC variable impedance issue and
transmitter, receiver, line applications. coupling circuit design issue etc.
trap and relay system, etc. | |
Step -5 Step -4
A comprehensive study Review on power line noise
on PLC standards and and reflection with respect to
Electromagnetic frequency

Fig 1.4: Research Methodology for Chapter-2: Literature Review
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Step-1 Step-2 Step -3
Microwave based modelling High frequency AC —I\ Q-factor
and impedance estimation of the analysis of the HV- 50 _l/ calculation
SWER Conductor kHz to 150 kHz.

\

Step -4

Step -5

Simulation and experimental

L and C component

design of the circuit calculation

Fig 1.5: Research Methodology for Chapter-3: Coupling Circuit Design

Step-1 Step-2 Step -3
Theoretical study on Aggregation of all the Implementation of the
the SWER line network necessary mathematical Microwave Office based
equations for system modelling SWER line model
Step -5: Case studies on the frequency |\ /l
dependent attenuation vs distance relation of the Step -4: Comparative impedance
SWER conductor measurement of various SWER conductors

Fig 1.6: Research Methodology for Chapter-4: SWER Line Modelling

Step-1 Step-2 Step -3
Contemporary studies on Description of the VNA PLC injection Model
Various SWER based impedance measurement Transformer High
transformer model of the SWER distribution Voltage Side to Low

transformer Voltage side
Step -5 Step -4
Analysis of the Impact PLC injection Model
of transformer loading on Transformer Low Voltage Side
PLC propagation to Medium Voltage side

Fig 1.7: Research Methodology for Chapter-5: HF SWER Transformer Modelling
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Step-1 Step-2 Step -3

Microwave based Description of the PLC propagation
modelling of the experimental setup transmitter, tests; Comparative
analysis on transmitted

designated SWER receiver and other external

network peripherals. and received signal

~~

Step -5: Analysis on the impact of Step 4: Case studies on various aspects such as
various faults on PLC propagation the impact of pole height, conductor size, load

over the SWER network

effect and etc. on PLC propagation

Fig 1.8: Methodology for Chapter-6: HF SWER Communication Channel Evaluation

1.7 Significance and Contributions to Knowledge

Installation of an efficient SWER protection technology is not only a national demand,
but also, a global necessity. In developed countries like the United States of America,
Australia, New Zealand, the SWER line has been popular during the last few decades.
Because of the feeble protection scheme, particularly Australia has been bearing a
considerable measure since the last couple of years. Since Australia has an incredible
vegetation-based skyline and any sort of vegetation faults in SWER lines may create a threat
of bushfires. It has been confirmed that if power line protection systems can detect high
impedance low current earth faults, then fire risks from vegetation faults might be reduced
by a significant percentage. This means that highly sensitive protection schemes are required
to achieve substantial reductions in fire risk. The results of the decreased fire hazard will be
exceptionally helpful in various aspects, for example, fewer individuals will pass on,
domesticated animals' ranches and industrial facilities will be insignificantly influenced and

general conservative harmed will be brought down.

The primary focus of the PhD thesis is on investigating the Single Wire Earth Return
(SWER) network, as a communication channel to apply PLC based protection scheme to
reduce bushfires. A number of significant scientific contributions have been made in this

thesis and as part of the undertaken works, which can be encapsulated as follows:
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e A simplified SWER line modelling technique including ungrounded coaxial cables.
Significant analysis on impedance estimation, distance dependent path loss analysis
of various SWER conductors, and effect of spurs.

e A low loss L-C impedance matching circuit design based on the HV coupling
capacitor based coupling to the SWER network.

e Modelling of each injection and coupling method as a frequency dependent 2-port
network represented by s-parameter measurements (Touchstone file)

e A novel hardware in-loop s-parameter based High-Frequency (HF) SWER
transformer model, which can serve as a good building block for other research works
in transformer winding fault detection and transformer overvoltage studies.

e System studies to evaluate the impact of network size, SWER transformer loading,
impact of conductor height

e A complete PLC propagation test procedure over the SWER network, and system
studies on various aspects such as impact of network size, impact of conductor height,

and response PLC signals with various faults situations.

1.8 Thesis Outline

The organisation of this Thesis is as follows:

Chapter 2: In this chapter, a technical overview of the PLC technology is given. This
has been pursued with an evaluation of different PLC applications and key challenges in
implementing a PLC system. The PLC basics are introduced with a detailed discussion of
various key components. Major application domains of this technology are discussed and
the review of the use of this application specifically in transmission and distribution
networks have been highlighted. This chapter also provides an assessment of key technical
challenges inhibiting PLC applications. Finally, a discussion on different PLC standards and

electromagnetic compatibility regulations have been included in this chapter.

Chapter 3: The aim of this chapter is to give an understanding of the coupling circuits
needed for PLC applications. An efficient coupling arrangement is important for a reliable
PLC system. There are a number of coupling circuit designs in existence in the literature
each having particular pros and cons. As part of this research, a novel HV L-C resonant
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based coupling circuit has been designed for coupling to the SWER line through a coupling
capacitor. Simulation, modelling and experimental validation of the proposed coupling
circuit are the focus of this chapter. The justification of the performance of the designed

circuit with respect to its contemporary coupling design has also been given.

Chapter 4: Wideband modelling of an exemplary SWER network at PLC frequencies is
one of the major contributions in this thesis. This chapter presents the modelling of SWER
conductors based on detailed mathematical modelling in the Microwave office platform. The
focus of this chapter is to estimate the impedance of the SWER line at PLC frequencies. The
impedance of three different conductors (SCAC 3/2.75, SCGZ 3/2.75, and SCGZ 3/12) have
been estimated using Microwave Office. The experimental procedure to validate the

impedance model has also been included in this chapter.

Chapter 5: This chapter highlights the impedance modeling of SWER and isolation
transformers at PLC frequencies. The SWER transformer is one of the most important
elements of SWER networks and has a significant impact on PLC signal propagation over
the network. In this chapter, a novel high-frequency transformer modelling technique has
been proposed with experimental validation. System-level performance analysis at different

conditions such as load variation of the transformer has been carried out in this chapter.

Chapter 6: In this chapter, a real-time SWER network from rural Victoria, operated by
the United Energy, has been modeled using the Microwave Office platform. The overall
hardware setup for PLC transceiver system has been explained in this section of this thesis.
This chapter includes the holistic discussion from the generation of the transmitted signal to
received signal measurements at the load end. Various case studies on the impact of network
size, conductor height, and response of the PLC-integrated SWER network with various fault

scenarios have also been featured in this chapter.

Chapter 7: The final chapter of this work includes the gist of all the contributions of the
thesis. This chapter also represents the advances of this work in the related field from the
present state of knowledge. Significant findings of this work are also emphasized in this
section to justify the work. This chapter identifies future points of improvement and makes
suggestions on potential future extensions. The chapter concludes by highlighting the

significance of this research in terms of Australian and global perspectives.

11



Chapter 2: Literature Review

Chapter 2

Literature Review

2.1 Introduction

Power Line Communications (PLC) is a communication innovation that has been
primarily utilized in power networks to control remote loads. The availability of the power
line and the simplicity of implementation makes it extremely appealing for the stakeholders
to invest in this technology. Over the last two decades, it has been vigorously investigated.
Institutionalization and standardization have impelled a ton of enthusiasm to implement

cutting-edge technology on this exciting system [7-9].

However, the research on PLC systems intensified after the revolution of the smart grid
concept. Undoubtedly, the smart grid concept is going to evolve the next generation
distribution network due to its multidimensional capabilities. Reliable two-way
communication is often necessary for a reliable smart grid technology establishment[10].
PLC offers this capability with a convenient cost and availability. As a result, many smart

grid research efforts are focused on PLC integrated smart distribution networks.

PLC signals are often transmitted in the CENELEC-A frequency band from 9 kHz to 95
kHz, which is the band set aside for use by Power Supply Companies. CENELEC B, C, and
D frequency bands from 95 kHz to 148.5 kHz can still be used by utilities [11], but can also
be used for analog/digital applications within homes/industrial premises. Key components
of a PLC system include the coupling capacitor, line tuner, line traps, and PLC transmitters
and receivers. Different application domains of PLC systems exist in in-house, last-mile, and
industrial processes. Published literature covers applications in automatic meter reading,
distributed energy generation monitoring as well as automation and demand-side
management. Numerous research and development works are going on throughout the world
on PLC systems, but the progress on the field is still not visible in large-scale applications.
Researchers are mainly focusing on various technical aspects of a PLC system, evaluating

new PLC standards, and exploring new domains of potential PLC application [12].
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The selection of the appropriate frequency range for the application of PLC signals on a
power network is important. Background noise/signal analysis over the communication
channel should be performed before the selection of the appropriate frequency. Carrier
frequency, line construction, phase conductor size & material, shield wire size and material,
type and location of transpositions, weather conditions, earth conductivity, and insulator
leakage are key primary factors affecting signal losses on an overhead line. A transformer
tapped, to a PLC channel, may also attenuate the carrier signal. Maximum out-of-phase
reflections of the PLC signal will occur when a tapped line is not terminated into any tuned
carrier equipment. Reflections of one-quarter or odd multiples of the carrier frequency
wavelength can be experienced in the case of power transformer terminations. The type of
modulation and error correction will have significant impact on the signal-to-noise ratio and
accurate transfer of key information on a carrier signal. The selection of the appropriate PLC

standard is therefore critical in designing an effective PLC system.

The signal-to-noise ratio plays a key role in the reliability of a PLC scheme, as
communication over power lines is prone to electrical noise. The continuous noise is present
at all times with varying amplitudes. Impulse noise is a sequence of short rises in the noise
amplitudes. Large impulses of noise can have an adverse effect on the carrier receiver
operation making it impossible to detect the carrier signal under certain conditions. The goal
should be to get a signal level to the receiver above the sensitivity of the receiver, with a
signal-to-noise ratio well above the minimum enabling the receiver to take correct decisions.
When the PLC signal is injected into the power line, an impedance mismatch may occur
between the coupling arrangement and network conductor. Because of this impedance
mismatch, the PLC signal will be reflected and added as an extra voltage to the output
magnitude of the transmitter. This extra-high voltage will then be fed into the
communication devices, potentially damaging these devices. Coupling circuits are the hearts
of PLC systems as the PLC signal is injected into the power line through the coupling circuit.
The design of a suitable coupling circuit is significant and requires impedance matching.

However, research on the challenges towards the PLC system implementation is
overlooked previously. Considering the gaps, this literature review chapter mainly focuses
on summarizing the key technical aspects and implementation challenges, which must be

addressed to establish an efficient PLC system over the electricity network.
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2.2 PLC Basics

Power Line Communication (PLC) systems use existing overhead electrical conductors
or underground insulated cables for data communication with High-Frequency (HF) carrier
signals from a couple of hundred Hz up to a couple of hundred MHz [13]. Power Line
Digital Subscriber Line (PDSL), mains communication, Power Line Telecom (PLT),
Power Line Networking (PLN), or Broadband over Power Lines (BPL) or such systems that
use electrical conductors in power transmission and distribution systems for carrying data

can be referred to as Power Line Communication or Power Line Carrier System.

PLC is a primitive idea that started at the beginning of the 20th Century, nearly that period
of time a 500 Hz signal on the power line was used to control streetlights in New York City
[14]. After this innovation, power distribution companies in different parts of the world have
started to use this technology for different applications such as Automatic Meter Reading
(AMR), remote load control, or similar. Earlier PLC systems were operated with single
carrier Narrow-Band PLC (NB-PLC). NB-PLC had a very low-frequency band and low data
rates. As time passed, the technology matured, and the area of application has expanded.
Currently, the NB-PLC type multi-carrier transmission protocol is being widely used.
However, standards of PLC communication protocols are still in the phase of improvement.
Fig 2.1 represents a schematic arrangement of a complete PLC system with various
associated components such as the line trap, coupling capacitor, line tuner, transmitter, and

receivers units.

Line Trap Line Trap
Section A LYY Y Y Nm— Section B
|—||—| Coupling Coupling
—T— capacitor capacitor —1—
Drain coil Drain coil
Line tuner Line tuner
Coaxial Coaxial
Cable Cable
PLC .
Transmitter PLC Receiver

Fig 2.1: Schematic arrangement of a complete PLC system
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The PLC transmitter transmits the HF carrier signal. The HF signal will often be injected
into the power line via the Coupling Capacitor (CC) and Line Tuner circuit [15]. The carrier
signal travels along the overhead line and will be received at the receiver. The line trap
blocks the HF carrier signal from penetrating into any undesirable areas of the network. This
section reviews the key components of a PLC system including the coupling capacitor, line

tuner, line traps, and PLC transmitters and receivers.

2.3 PLC Transceiver

PLC transceivers are also known as PLC modems, which generate the HF carrier signal
that later gets injected into the power line using some additional mechanism. Practically,
PLC transceivers are mounted in racks and kept in a safe place such as in a cabinet. The
device is then connected with a coaxial cable, followed by the line tuner, and the end of the
line tuner is connected to a Coupling Capacitor (CC). Finally, the PLC signal is injected
into the power line through the CC. Many companies are manufacturing different PLC
modems. These include Texas Instruments, GridComm, STM Electronics, CODICO, and
Microchip. Fig 2.2 shows the GridComm LV PLC modem. The GridComm GC9200 is
claimed to “automatically configure and self-adapt to the varying conditions on power
lines, resulting in extremely reliable and robust communications in an LV power network”
[16].

P90 9
A B

"M'L&'dx Tx
T ® o ¢

3 GC9200 ’
4~'—' arid '

Physical View Internal electronic circuitry

Fig 2.2: GC9200 LV PLC Modem [16].

It is configurable with up to 54 carrier frequencies out of 100 pre-installed frequencies,
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between 5 kHz to 500 kHz over 18 channels. It supports different modulation schemes
such as 3QPSK, 3BPSK or 1BPSK with up to 18 levels of redundancy [17] . The power
network consists of several branches with connected loads, and there should be at least

one PLC modem placed on each branch if all branches need to be monitored.

2.4 Coupling Capacitor (CC)

The CC provides a low impedance path for the HF signal to the power line, but a high
impedance path to the power frequency. It drops the line voltage across its capacitance with
its LV end grounded through an inductor, called the drain coil. The drain coil provides a
low impedance path for the power frequency, and a high impedance path to ground for
the carrier signal. This arrangement for the Omicron MCC 124 CC is shown in Fig 2.3. The
1 nF MCC 124 CC provides 3.184 kQ impedance to the 50 kHz signal and 3.184 kQ

impedance to the power frequency. MCC 124 has the drain coil labelled as L1 in the diagram.

1 1
2XTXEXC  2X1x50X 1nF

ZC—SOHZ = = 3,184‘ kQ (21)

1 1
ZC—50kHZ_ZxT[xfxC_ZXT[XSOkX1nF

~ 3.184kQ (2.2

Internal Circuitry Physical View of 24
0 kv 1.1 nF C_oupling
Cast Resin TNC Capacitor
Mold 1.1 nfF == Output

o — —
Surge I___|75XEC§ 470R 112 <+ =
Arrester | § —
L{ Dia7v 680 | 680 —
I T _|_ nF =|= nF_l_ 680 nF v |

Ground il

Fig 2.3: Omicron MCC124 CC equivalent circuit and drain coil arrangement[18].
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2.5 Line Tuner

The line tuner is a supporting device that is connected with the CC. The purpose of line
tuner is toprovide a low loss path to the HF PLC signal, so that the PLC signal can be injected
into the line. The combination of the line tuner, CC, and the drain coil is used to couple the
PLC signal to the conductor and block the power signal from entering the PLC modem. Two
basic types of line tuners exist, resonant and broadband [17]. The lead between the CC and

tuner should be as short as possible.

The line tuner also helps to match the impedance between the PLC transmitter and the
power line. The resonant type tuners can be categorized as single- frequency and double-
frequency tuners and used for single-channel or double-channel systems with narrow
bandwidth requirements. There will be a protection unit in line tuners, connected from
the output lead to ground to limit voltage on the output. It consists of a grounding switch

and a protective gap.

The resonant single-frequency and double-frequency line turner diagrams are shown
in Fig 2.4. The single-frequency tuner has a single inductor arranged to form a series
resonant circuit with the coupling capacitor. The resonant circuit provides a low impedance
path for the carrier signal to the power line when tuned to the carrier frequency. The
matching transformer provides the impedance match between the 50 Q coaxial cable and

the characteristic impedance of the power line (usually between 150 to 500 Q).

Power Ling Turing Cods Powss Line
(Z)—» Comsal | T IL: b
Tuning Coils =15 Catiet, | 771, 1] Com Coupling Capacitor
Cocnial Ty L # G Coupéing Capacior — T ¢ .
Cabhie ; 5 # - L i
e o I — —4—  Dirain Coll, Gap, and — =
E o & b g Grounding Swilch Ea}:-_e. T, LF i @ e ¥ | - Drain Col, etc
i LI ¥ 1™ Mounted in Base of Cadiely | pra—rl 53— 40 § "
= 1 - L | L e | ——
= — —+—  Coupling Capacitor | !
| = = fr  TrapCrods !
Profectie Unit e 1 Protectve Lint
Single resonant circuit Double resonant circuit

Fig 2.4: Types of resonant circuitry: single and double frequency line tuners [17].

17



Chapter 2: Literature Review

The double-frequency tuner has two sets of resonant circuits (each with its own matching
transformer and series inductor) tuned to pass two frequencies by providing a low loss
path. Each path is tuned to series resonance with the CC at its given frequency. The two-
frequency tuner also isolates the two sets of carrier equipment from each other with a
parallel LC circuit used for blocking the carrier signal from the other path. The parallel LC
circuits resonate at the frequency passed by the other path. Broadband coupling must be used
if more than two narrow band frequency groups must be placed on the line [17]. The high-
pass tuner is one example of broadband coupling. The high-pass tuner circuit schematic and
its equivalent circuit are shown in Fig 2.5. The CC is used as one of the series branches of
the high-pass circuit. The low-frequency cut-off depends on the size of the CC and the

terminating impedance of the power line.

Line Trap

_ Power Line
;_T — C, C
i | = :
Ce F

Hi-Cougler '
Coaxial C, (Frequency ; L M
Cabie \_/ Source ( 1 4
[ . v y T
= ‘2 4 L i
e } YI |
= = Drain Coil =
High-pass tuner with power High-pass tuner equivalent
line simplified circuit

Fig 2.5: High-pass tuner and its equivalent circuit [17]

The characteristic curves for the high-pass tuner are shown in Fig 2.6. The circuit does
not have a stable characteristic impedance around the cut-off frequency so carrier
frequencies close to the cut-off frequency should be avoided. Currently, tuning devices
are being manufactured that can simultaneously serve as the coupling circuit and line tuner,
such as the MCD 80 [19] from ABB Electronics, which is a popular coupling device for high
voltage PLC applications. Fig 2.7 shows the circuit schematic of the ABB MCD 80 [19]
coupling device and its setting table. This coupling device is custom designed for application
in transmission lines and is programmable for the following line impedances: 240 Q and

320 Q.
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Fig 2.6: High-pass tuner typical characteristic in the 0.01pF to 0.02pF range
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Fig 2.7: MCDB80 type A9BS filter circuit schematic and equivalent circuit [19].
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The CC ranges specified in the settings table of Fig 2.7 are greater than 1.5nF. The RFL
9512 [20] line tuning unit from RFL Electronics is an alternative tuning device for turning
inthe 40-500 kHz range. The product can be connected to CC having a capacitance between
2 to 10 nF. It consists of a drain coil, inductors, and capacitors as shown in Fig 2.8. The
optional drain coil drains the power frequency current from the coupling capacitor to
ground. The matching transformer enables to match the power line impedance with that of
the PLC terminal. The IEEE Standard for ‘Power-Line Carrier Line-Tuning Equipment (30
kHz to 500 kHz) Associated with Power Transmission Lines [21] covers the protective
devicesthat facilitate the safe operation and maintenance of the line-tuning components under

normal and usual operating conditions.
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Fig 2.8: Internal circuit schematic of the RFL line-tuning unit [20]
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2.6 Line Trap

When the carrier signal is coupled to the power line, it can propagate to the remote line
terminal or into the station bus and onto other lines. If the signal is transmitted to a large
portion of the system, then some of the energy of the carrier signal will propagate out to
other lines, which is undesirable. A line trap is needed to block the energy from going
back into the station bus and direct it towards sections of the network where
communications is required. A line trap would ensure that the PLC signal is kept within
the desirable section of the network. A line trap consists of a parallel LC-resonant circuit

in series with the line.

A line trap presents a high impedance to the carrier signal at its resonant frequency
stopping the carrier signal from flowing through. On the other hand, the coil of the line trap
gives a very low impedance to the power frequency, enabling it to flow through the coil.
The physical size of the line trap coil may be very large, because transmission or
distribution lines handle large amounts of power. A wide-band trap will block a large
bandwidth of frequencies, but it has a low blocking impedance. Bandwidth requirements
and the value of the blocking impedance is critical in designing a wide- band line trap.
Fig 2.9 shows the typical tuning curve characteristic for a wide-band line trap.

AN

Z= Blocking impedance
R=Resistive component

The main coil is an air-core dry-type power
inductor. The tuning device, connected across
the main coil, forms a blocking circuit
providing high impedance over a specified
PLC-frequency range.

f= Carrier Frequency

fn=Resonant Frequency (Geometric Mean
Frequency)

f.f,= Frequency limits of blocking impedance
fi'f,;’= Frequency limits of resistive blocking
impedance

Fig 2.9: Characteristics of a wide-band line trap tuning curve [2]
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The tuning device consists of inductors, capacitors and resistors. The tuning device,
together with the inductance of the main coil, adjusts the circuit to a resonant frequency (fm)
with the minimum blocking impedance/resistance within a band of frequencies. The
blocking requirement of a line trap depends on the characteristic impedance of the line where

the PLC system is applied.

The line trap blocking characteristics can be specified in terms of Blocking Impedance
(2), Blocking Resistance (R), Tapping Loss (At), and Blocking Attenuation (Ab).

Z: is the complex impedance of the complete Line Trap within a specified PLC frequency
range.

R: is the value of the resistive component of the blocking impedance within a specified
frequency range.

At: also known as the “Insertion Loss”, At is a measure of the loss of power sustained by

a carrier frequency signal due to the finite blocking ability of the Line Trap. The tapping
loss should be very low.

Ay is a measure of the relative transmitted carrier frequency signal, which enters the

trapped circuit section of network. The blocking attenuation should be high.

At and Ap can be calculated using the characteristic impedance of the line (Z1), Z, and
Rb asin Eq. (2.3) and Eg. (2.4). A minimum blocking impedance of 400 ohms is often used.
Rb often substitutes Zb in At and Ab calculations. The characteristic impedance of the line

Z1 is assumed to be between 300 Q and 600 Q.

Zy
A, (db) = 20 x logy, (1 = Z) (2.3)
Z

1

2.7 Different Application Domains of PLC Systems

The application of the PLC technique has a long history. The first ever business operation
of communication over electrical cables was in Japan in the year 1918 [23]. In that same

year, the Imperial Japanese Electro- Technical Laboratory of Tokyo effectively established
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a wave communication over a ninety-mile long power line. Some other companies like Fuji
Hydroelectric co. installed a PLC system over their 22 kV 3-phase power line by the end of
1918 [24]. However, the most successful PLC system was introduced by AGE, which
was reported as the most effective and cheapest mode of communication between its load
centers and interconnected generators [23]. The company tested the communication system
over an 11 kV, 60-cycle over a 12-mile long distribution power line [24]. However, the
primary application of a PLC system in the primitive times was to establish a telephone
communication over the power transmission line. Nowadays PLC is considered as one
of the innovative technologies for the next generation smart grid. This section reviews

different applications of PLC systems in power system networks.

2.7.1 In-House Applications

The in-house application of PLC systems started with the automation of domestic
appliances enabling household utilities to be operated with PLC signals. All common utilities
can be synchronized with the PLC signal through an Ethernet port, and the PLC signal can
be generated using a reliable communication modem to be injected into the AC transmission
line. Inthis context, the PLC system refers to on-line remote operation of different household
devices such as computers, printers, or others including coffee makers, hot shower

arrangement, water heater, etc. [25].

In [26], the authors focused on the characterization of Brazilian in-home power line
channels for data communication based on measurements carried out in seven Brazilian
residences. A statistical characterization of the frequency response magnitude, coherence
bandwidth, root mean squared delay spread, average channel gain, coherence time,
achievable data rate, additive noise and access impedance were presented, in frequency
bands from 1.7 up to 30, 50 and 100 MHz . The results show that average channel gain in
Brazil is higher than those other countries. The coherence bandwidth was found to be wider
than those that were reported in Europe. Root mean squared delay spread was determined to
be shorter than those that were reported in United States and Europe. The measured

coherence time was shorter than what is previously reported in the literature.

Whiffen et al.[27] published a review paper on the applicability of PLC systems in

developing a Building Energy Management System (BEMS) for non-commercial or
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medium-scale non-domestic buildings. As a survey of accessible technologies, the work
examined a novel PLC system for BEMS control. The authors predict that such PLC
applications will dominate the automation of small-to-medium size non-domestic

premises in the future.

2.7.2 Last-Mile Applications

This kind of application refers to data communication over the power line, which can
be used by the broadband Internet Service Providers (ISP) to give internet services to the
community. The service might be included with voice (IP telephony), video (VHS video
quality), surveillance systems, entertainment (gaming) and utilities metering
(electricity/water/gas) services [25, 28]. The cost related to the connection set up for each
individual user, in each building, is very high and instalment of this system is difficult
because of the different building infrastructure. It might be more efficient to place the PLC
device out of the apartment on an electric pole, and then use a wireless trans-receiver to
transmit the PLC signals, where the user can access internet from their location within the
range of the transmitter. Biao et al. [29] investigated the impact of cumulative interference
in Broadband Power Line (BPL) communication systems, and developed a 2-D model for
describing the BPL transmission activity. The focus was on investigating the interference of
electromagnetic field radiating from the power line with other radio systems. The model was
based on transmission characteristics of the network and considered the coexistence effect
of the BPL devices. The maximum acceptable density of BPL devices and the radiation

field were determined.
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Fig 2.10: Schematic arrangement of PLC based web access networking [30].
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Currently, one of the major focus in PLC based research is to establish reliable data
communication for internet connectivity over distribution networks. The fundamental idea
of this innovation is that it offers fast web access to remote homes through the usually
available overhead power lines and house internal wiring. Such a scheme would remove
the need of transmission of information over the last mile through the copper link, short pull
satellite frameworks, optical fiber links, or through remote innovations, e.g. Wi-Max. Fig
2.10 shows the schematic arrangement of the overall concept of the PLC based WEB access

network.

Specially, in rural areas of developing countries, no access to internet is commonly
available. Therefore, PLC could become a desirable option for the provision of internet
services over an existing electrical power network. A number of researchers from different
parts of the world have worked in this field. For example, Krishna et al. [31] have been
working on BPL-PLC based internet access connectivity over the conventional power lines
in India. In [31], the authors highlighted the BPL access technology in terms of features,
working principles, drawbacks, deployment & future challenges, and advantages. BPL is
now a growing communication network technology, which is penetrating into the

competitive markets of broadband internet services in the international telecom field.

Kikkert et al. [32-35] have also worked on establishing PLC based data communication
over the Single Wire Earth Return (SWER) network in the Australian rural outback. In some
papers, the authors discussed the modelling procedures of some individual components of
the SWER system such as the transformer and coupling circuit. Then, Kikkert and
collaborating authors have published on different loss calculations such as the radiation,
attenuation, and return losses in SWER networks [36-38]. Overall, this group has studied

the feasibility of data communication over the Australian SWER line.

2.7.3 PLC Technology in Industrial Networks

PLC-based systems could be an option for information transmission in industrial
applications, similar to systems used to control machines and gathering sensor readings at
the field level. The introduction of PLC systems in industrial environments reduces the effort
of ground worker, increasing reliability and efficiency of the machines. Modern industrial

applications require interminable trustworthy exchanges for multipoint frameworks, which
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will be capable of large node operation with quick response times. As a committed
communication medium, wireless and fiber-optic based systems may not be the most
feasible choices for controlling and monitoring a large distributed industrial network. In these
cases, PLC could be a reliable solution through the existing electricity distribution network.
The noisy communication channel in an industrial environment may compromise the

reliability of PLC technologies and cause interference.

Rinaldi et al.[39] investigated a multi-protocol instrument for PLC performance in
industrial applications. A solution was proposed to characterize and decode several PLC
systems with different physical modulations using a software-defined architecture. A
working prototype was built and used in a real industrial plant to study potential issues
affecting PLC. Fig 2.11 shows the architecture of the developed prototype and its
implementation using USRP boxes from Analog Instruments. The results of the study
showed that PLC technology could be reliably used in an industrial environment to provide
non-critical information over a distance longer than 100 m. A careful selection of
transmission frequency band was however shown to be critical, in limiting the influence of

distorting electric loads.
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Fig 2.11: Prototype developed for PLC based monitoring in industrial networks.[39]

2.7.4 Other Potential Applications

Another very common application of PLC system is broadcasting radio programs over the
power network, similar to providing internet connectivity to rural communities. Some rural
areas might still be out of radio network coverage due to low population but have access to
an overhead electricity distribution system. The radio companies can easily use this power
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network to broadcast their programs through PLC facilities [40, 41]. They can also use
the PLC system as a redundant channel to operate emergency programs, if any emergency
occurs and normal radio channel may be out of service. The PLC system might also be used
for some other specialized purposes such as in remote EEG and ECG monitoring [13]. Many
rural areas have poor health facilities and the tele health industry is a very rapidly growing
technology, limited to giving suggestions and prescribed medicine to the patient. This
technology can easily go one-step ahead with some extra accessories to make it possible to
monitor the EEG and ECG signal of a patient, transmitted to a doctor through the electrical
network. This will help the doctor in taking the right decisions about a patient living in a
rural community and quality of tele health care will definitely informed by adopting this

technology.

Ding et al. [40] proposed a hybrid PLC and visible light communication-based utility
control system for a modern hospital. PLC can utilize the pervasive electrical cable system
to control the light-emanating diode lights while filling in as the main network
arrangement for the indoor visible light communication frameworks. In [41], a hybrid
broadband electrical cable and visible light communication framework, with orthogonal
recurrence division multiplexing adjustment, was proposed for the indoor healing facility
applications. The proposed scheme is a brand-new solution to supersede the traditional
remote communication frameworks in a hospital, offering a brand-new solution to replace

the conventional wireless communication systems in hospitals.

2.7.5 PLC Applications in Transmission and Distribution Systems

This section reviews the use of PLC concept for various applications in transmission and
distribution networks. Applications such as automatic meter reading, remote monitoring of
distributed generation, protective relaying, demand side management, and voltage

regulation in smart grid networks are discussed.

2.7.5.1 Automatic Meter Reading

Theodore George introduced the first automatic meter-reading framework in 1974 [11]. It
is a very common consumer complaint that the retailer issues their electricity bill in prediction

not by real checking. In this regard, PLC integrated automated meter information from the
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consumer can be consequently gathered and exchanged to a main database for billing. At
the end of each month, the retailer can produce the billing information inclusive of a load
curve, which could help the customer to identify hidden energy waste and manage their use

in an effective manner.

In [41] the authors presented an analysis of narrowband PLC modems, and implemented
a hybrid PLC-wireless module for smart metering applications. The experimental
measurement focused on investigating the reliability of the PLC solution, using vacant
wiring between a transmitter and receiver for a distance of 500 meters in the absence of
noise. The results showed stability of communication for all types of modulations. In
undertaking the measurements, 1000 packets were transmitted with maximum packet
size according to modulation method. This included a maximum transmitter gain of 6 dB,
and communication without acknowledgment of transfer. The hybrid PLC-wireless
solution was based on HDR NB-PLC and G3-PLC standard and a chip from MAXIM
(MAX2992 and AFE MAX2991). Fig 2.12 shows the XBee PRO 868 development

kit was used for the wireless modem.
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Fig 2.12: Prototype of the hybrid PLC-wireless module [41].

2.7.5.2 Monitoring Distributed Energy Generation

With increased demand for green energy, renewable sources such as small hydropower,
wind turbines, and PV systems are growing day by day. It is a challenge to connect and
coordinate these micro generating stations within a conventional distribution network. To
ensure efficient power transmission and monitor the operation of these Small Electricity
Generating Plants (SEGPs) within a distribution grid, a reliable two-way transmitting media

is often needed. PLC systems can offer this service. In such a system, there will be an
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Operation and Control Centre (OCC), which will be linked with all the SEGPs through PLC
communications. From OCCs, operators will get necessary information to monitor the status
of the power flow between the grid and SEGPs [42, 43]. Fig 2.13 illustrates the schematic
of the PLC based SEGPs monitoring for transmitting data on MV (13.8 kV) networks.
The project was only evaluated in the laboratory through modems connected to the LV
network. The authors are yet to install any equipment in the field, to assess the quality of

services parameters and performance of the PLC technology under real conditions of use.
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Fig 2.13: PLC based SEGPs monitoring project [43]

Petit et al. [44] have also published work with a similar concept, where they developed
a PLC based monitoring system for distributed renewable energy sources connected with
the HVDC bus. The authors analysed the working modes of communication interfaces
based on PLC using the Amplitude-Shift-Keying (ASK) modulation. The conclusion was
that basic solutions offer poor quality of signal and generate many harmonics of the
fundamental carrier inducing important electromagnetic perturbations. An original
solution was thus developed and implemented in a PLC interface. This was based on a
narrow spectrum carrier, on a resonant HVDC bus, working at a low frequency allowing
to minimize the generation of harmonics and thus to increase the quality of the transmitted

information.

2.7.5.3 Automation and Demand Side Management

Remote Energy Management and automation of the distribution devices using PLC is one

recent evaluation in the PLC sector. Execution of Distribution Automation (DA) and
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Demand Side Management (DSM) is expected to serve both utilities and an extensive
number of clients, spread over a vast region and requiring a wide-zone two-way
correspondence framework. DA and DSM devices (e.g. meters, switches) enabled with PLC
capability can utilize the power line as the channel in developing a financially perceptive
and fast transmission correspondence arrangement. PLC capability in such devices would

enable an economic, secure and reliable communication system [45, 46].

The communication system for DA/DSM applications requires multi-tasking as
automatic remote meter reading, load management, on-request meter reads, and other
distribution control and monitoring functions must be simultaneously implemented. Lu et
al. [47] proposed remote energy management over power lines using PLC technology to
maintain a hierarchy. The distribution voltage levels were divided into two levels as master
and slave. The MV master is connected with the ISP through TCP/IP link, and a PLC link
connects the MV-master with the MV-slave. Similarly, the LV- master is connected with
the LV-slave thorough PLC links. At the final stage, the LV-slave will be connected with an
application software such SCADA. The authors analysed and simulated the proposed system
to evaluate the communication performance. A new scheduling policy was proposed to
provide differentiated QoS in a multitasking environment. The conclusion was that the
proposed PLC system would meet the demands of DA/DSM application. However, no
real-life implementation was carried out to prove the concept further.

2.7.5.4 Protection of Electrical Networks

Sanders and Ray [17] were the first engineers to introduce the PLC idea for transmission
line protection options and discuss the details of a typical relaying schemes using power line
carrier signal. They introduced a blocking system, where the channel is used to indicate an
external fault, sending a signal to prevent tripping (blocking). On the other hand, a permissive
overreaching transfer trip system was outlined as one that uses the channel to indicate an
internal fault, giving permission to a trip. They raised a concern regarding that a fault may
result in attenuation of the signal. This was likely to prevent the arrival of the signal at the
remote end, when the receiver logic should allow tripping on loss of channel for some
predetermined time, usually about 150 ms. The basic elements of the directional-

comparison blocking system are shown in Fig 2.14.
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At each terminal, directional phase and ground trip units (P1 and P2) are located and
set to operate for all internal faults. The start units (S1 and S2) are set more sensitively than
the remote trip units. P units are directional overcurrent relays, where S units are non-
directional overcurrent relays. The key idea is to transmit blocking signals to the protected
line such that breakers do not trip not interrupting the power supply. Besides the conceptual
discussion of this protection framework, Sanders and Ray presented no real life

implementation or test results. That is a significant shortcoming of the comprehensive guide

given in [17].
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Fig 2.14: Directional comparison blocking scheme [17]

Benato et al. [48] proposed a PLC based MV distribution network protection and
control scheme. The basic concept of the scheme was that the PLC signal would be
superimposed over the MV distribution network through a suitable coupling device. The
signal will be generated by the transmitter (Tx) located at the MV substation bus and
transmitted through the network until received in the receiver (Rx) located at the common
coupling of dispersed generators. The main schematic arrangement of the proposed
protection and control scheme is shown in Fig 2.15. The PLC system is used for islanding
detection such that any line- tripping event at the substation will be immediately detected
by each dispersed generator at the point of common coupling, independently of the actual
power flow in the feeder before the loss of main supply. The scheme is recommended as
a solution to prevent DG islanding. No real-life implementation was discussed and no results

besides a conceptual discussion was presented.
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Fig 2.15: PLC based islanding prevention scheme [48]

Milioudis et al. [49-53] have also done significant work on a PLC based protection
scheme using high frequency impedance measurements. The main theme of these works is
to use an algorithm to measure the input impedance of the distribution network at faulty
and steady state conditions. Finally, they compared the impedance values to differentiate
the faults on the lines. The key objective was to detect occurrence of High Impedance Faults
(HIFs) in rural overhead power distribution networks [50, 53].The works were conceptual
and numerical, and only presented simulation results. Moreover, the structure of the
distribution network was very complex and the line distances were very long. As a result,
implementation of PLC of this structure would be associated with lots of challenges such as
noise and high attenuation. None of these challenges were discussed by Milioudis et. al. [49-
53]. Hence, the implementation challenges of PLC system such as background noise levels

and carrier signal attenuation were not really considered.

In their works, Milioudis et al. [50, 53].mainly implemented a simulation-based
GIS-PLC oriented enhanced protection scheme for the conventional single phase and 3-
phase power lines. Their studies mainly present simulated results, and the authors have
implemented an algorithm, which compares the impedance value of the power line in
healthy and faulty conditions to detect abnormalities. A serious shortcoming of the studies
in [50, 53] is that authors failed to validate their design on a real network and failed to

consider the impact of network noise on the viability of their proposal. At high frequencies,
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the behavior of network equipment such as transformers, coupling circuits, and line traps
change rapidly. Specially, the insertion loss of the PLC signal would increase while passing
through this equipment and if reduced to a certain level, then the PLC modem may not able
to receive thesignal due to a high signal-to-noise ratio. Assuming a threshold insertion loss
of 40 dB for a G3-PLC modem, any signal with an insertion loss beyond this will not be

received by the modem.

2.8 PLC Implementation Challenges

Power lines are designed to operate on the 50 Hz power frequency. For this reason,
various unfavorable conditions may occur when HF PLC signals are injected onto power
lines. For example, the impedance of line varies with frequency. Different communication
signals such as radio or mobile communication signals will cause interference and the
designated PLC signal will be attenuated. Typical electrical equipment, for example line
transformers, create reflections and attenuation. Power electronics devices and different
loads may add noise to the channel. However, such challenges can be alleviated by adopting
technical measures such as adding subsidiary communication devices, using high profile
signal repeaters, correct coupling and matching, and using the appropriate modulation
technique. Adoption of these measures in a PLC system will help in making such systems
more reliable in applications including remote internet access, smart network management,
and monitoring. In this section, we discuss different challenges that should be seriously

considered in designing and implementing a PLC system
2.8.1  Frequency Spectrum Selection

Selection of the frequency range for PLC signal application on a power network is a very
important task aligned with the selection of the appropriate PLC standard. There may be
other communication systems operating over the same frequency range. Different FM and
AM radios, signals from different mobile operators may also exist over the same frequency
range. This implies that before the selection of the appropriate frequency, background
noise/signal analysis over the communication channel should be performed. Herewith, a
cross check of the PLC standard must be done on the compatibility of the frequency range

with the specific application. Future growth of the existing electricity network must also be
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considered before implementing the PLC system. Some other issues must also be considered
such as the range of the PLC frequency band and expected levels of noise and attenuation at

different frequencies within the band.
2.8.2  Line Attenuation

The primary factors for losses on a line are the carrier frequency, line construction, phase
conductor size & material, shield wire size and material, type and location of transpositions,
weather conditions, earth conductivity, and insulator leakage. As shown in Fig 2.16, line
losses increase as frequency increases due to shunt capacitance becoming lower at higher
frequencies. It is important to note in Fig 2.16 that there is close to a linear relationship
between the carrier frequency and attenuation for network voltage levels ranging from 34.5
KV to 765 kV. This close to a linear relationship is more obvious for lower system voltages
such as 34.5 kV and 69 kV.
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Fig 2.16: Attenuation with respect to frequency [17].

A secondary reason for the attenuation is conductor losses due to the increased skin
effect decreasing the conductor area available to the higher frequency current. Weather
conditions, such as heavy frost, play a large role in the changing of the line attenuation and
increased losses. In the case of frost, due to skin effect, the carrier signal propagates on the
ice instead of the conductor leading to significant changes in the attenuation as much as 4
or 5:1, depending on the frequency [17]. Changes in earth conductivity (due to extreme
changes in soil moisture) would also affect line losses especially when the coupling method

relies on modes of propagation requiring the earth as a return path.
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2.8.3 Power Line Noise

This section reviews noise considerations in two sub-sections. First, general background
on sources of noise are discussed followed by a detailed review of the real-time noise
measurements undertaken during the ‘Vegetation Conduction Ignition Testing’ project

undertaken as part of the Power Line Bushfire Safety Program (PBSP) in Australia [54].
2.8.3.1 Continuous and Impulsive Noise in Power Networks

The received signal-to-noise ratio will be instrumental in predicting the reliability of the
proposed scheme as communication over power lines is prone to electrical noise. During the
process of travelling to the other end, the PLC signal will not only be attenuated, but noise
will also be added to the signal. Power line noise can be categorized as either continuous
noise or impulsive noise. Continuous noise is always present with varying amplitude as per
the frequency considered. AM radio noise will be picked up on the network as continuous
noise. Lightning, the operation of machinery, electrical arc or faults within customer
installations can also cause impulsive noise with amplitudes much greater than the average
level of the continuous noise. Impulse noise is sequences of short rises in the noise
amplitudes. The sources of impulse noise are emissions from devices connected to the power
grid. On the other hand, impulsive noise will only exist for short periods, e.g. during the
start-up of a farm motor. Large impulses of noise can have an adverse effect on the carrier
receiver operation making it impossible to detect the carrier signal under certain conditions.
The work by Sanders et al.[17] has analyzed noise levels for a 230 kV power line at

frequency ranges from 30 kHz to 300 kHz.

The results show that weather has a huge effect on the power line noise. The goal should
be to get a signal level to the receiver that is above the sensitivity of the receiver, with a
signal-to-noise ratio well above the minimum enabling the receiver to take correct decisions
based on the information received. The type of modulation and application of the channel
will have an impact on the signal- to-noise ratio. Carrier frequency is also significant as noise
on the power line decreases as the frequency increases. This is depicted in Fig 2.17. On the
other hand, attenuation increases as the frequency increases so the carrier frequency should

be selected within the CENELEC range taking both noise and attenuation into consideration.
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It is necessary to determine how noise levels would affect decision making in the receiver

and whether the signal-to-noise ratio is going to present an issue.
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Fig 2.17: Noise variations with respect to frequency [17].

2.8.3.2 Noise Measurements at the Springvale (VIC, Australia) Test Facility

The ‘Vegetation Conduction Ignition Testing’ [54], one of the funded research projects
of the Power Line Bushfire Safety Program (PBSP), tested a variety of vegetation species
on a real 22 kV feeder under various fault scenarios including phase to phase and phase to
earth faults. These tests produced a large database of High Impedance Fault (HIF) signatures
with high sampling resolution, low-noise, and wide-band recordings. During the tests,
background noise levels were also recorded for a conductor with a peak voltage of 18 kV.
Noise measurements were recorded with no fault present in the network. Most recordings

were taken for the 12.7 kV RMS phase-to-earth voltage at the test rig.

Low-Frequency Network Voltage Background Noise: This subsection provides a

review of LF background noise levels up to 50 kHz. In the LF channel, a low-pass anti-
aliasing filter with a cut-off frequency of 50 kHz was used and a Digitiser sampling rate of
100 kS/s was adopted. Fig 2.18, Fig 2.19, and Fig 2.20 show the frequency spectrum analysis
of the measured voltage. In the 0 to 1 kHz range, the power frequency and its harmonics
were dominant. The 5th, 7th, 11th, and 13th harmonics dominated the harmonic distortion
with harmonic pairs visible in the spectrum well beyond 1,000 Hz [54]. The noise floor

clearly reduced as the frequency increased as shown in Fig 3.20.
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Fig 2.19: Noise in the range 1 kHz to 10 kHz [54].
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Fig 2.20: Noise in the range 10 kHz to 50 kHz [54].
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High-Frequency Network Voltage Background Noise: For the same Calibration, the

HF phase-to-earth HF voltage spectrum was obtained as shown in Fig 2.21 and Fig 2.22 for
frequencies up to 200 kHz. Typically, the high-frequency voltage noise varied between 0.3-
0.8 volts according to Marxsen [54]. The high-frequency voltage noise has broad amplitude
peaks around 7 kHz, 11 kHz, 15 kHz and 100 kHz before decreasing to less than 0.5 mV
beyond 500 kHz [54].
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Fig 2.21: HF Noise in the range 10 kHz to 50 kHz [54].
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Fig 2.22: HF Noise in the range 20 kHz to 200 kHz [54].
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2.8.4  Impedance Variation

One of the major troublesome features of implementing a PLC system on power lines is
the variation of the impedance at high frequencies. From literature, it was determined that
the net characteristic impedances of a power line are in the range of 100 Q [55, 56]. However,
the network topology, conductor size, connected loads etc. influence the characteristic
impedance. Due to variations of the characteristics impedance with frequency, when PLC
signal is injected into the power line, an impedance mismatch may occur between the
coupling arrangement and network conductor. Because of this impedance mismatch, the
PLC signal will be reflected and added as an extra voltage to the output magnitude of the
transmitter. This extra-high voltage will then be fed into the communication devices,
potentially causing damage to the devices. Calculation of the characteristic impedance at
high frequencies is very important for the effective integration of a PLC system into the
network. Several researchers have worked to estimate the impedance of the power line at
high frequencies.

Research approaches for frequency dependent impedance (FDI) measurement has a long
history, J.R. Carson from the USA and F. Pollaczek from Germany are the pioneers on this
field, both of them published two bench-mark papers on (FDI) measurement method in 1926
and 1931 [57, 58] . Until now, those have been considered as the standard method for (FDI)
measurement. However, the Carson's technique has an inadequacy; it represents the
impedance by means of complex integral. Subsequently, if this complex integral does not
calculate properly, Carson's technique may cause impressive truncation errors at high
frequencies. After a half century of Carson’s publication, C. Gray, a research engineer of
French Electricity Board has proposed a modified approach [59] which could minimize the
truncation error of the Carson’s method by replacing complex integral into a solvable
equation. Unfortunately, the new approach did not receive much attention due to lack of

enough theoretical proof.

However, five years later after Gray’s publication, A. Deri, a Professor from the Budapest
University, Hungary established a relation between the Carson’s method and Gray’s
approach [60]. In his paper, Deri rigorously proved Gray’s modified approach was more

accurate for high frequency impedance estimation, which is valid for a large frequency
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range. This was a milestone in the development of high frequency impedance measurement
technique evaluation. Since then, this method has been widely used in different applications

of electric power engineering.

Amongst researchers, Cavdar et al. [61] developed interpolation-based equations to
estimate the impedance of different types of power lines in a frequency range from 10 kHz
to 170 kHz. These equations can be used to estimate the impedance value of a specific power
line in the designated frequency range. In recent time, Kikkert et al.[33, 62, 63] have
published works on developing on-line high frequency impedance measurement techniques.
Besides the above, a few other researchers have also done some good work on high
frequency impedance prediction of a power line those are given in [63-66]. Hence, it is very
important to analyze the impedance value of the distribution network before implementing

PLC system over it.

2.8.5 Coupling Circuit Design

One of the major problems in practical implementation of a PLC system is the use of an
appropriate coupling device. Coupling circuits are the hearts of PLC systems as the PLC
signal is injected to the power line through the coupling circuit. However, design of a suitable
coupling circuit for any PLC network is a great challenge. Specially, in terms of high voltage
lines, the coupling capacitor price is very high, which in some cases demotivate utilities in
applying PLC system on their networks. A number of research on demonstration and lab-
based application of various coupling circuits have been directed in [67-72] which focus on
displaying the coupling circuit from a hypothetical perspective, without thinking about the
proposed explicit application in real-network. The authors likewise did not consider the
execution possibility of their proposed circuits utilizing economically accessible
components. Some researchers like Rensburg et al.[67-69] have represented some efficient
coupling arrangements, such as transformer integrated LC- coupling circuit, power line-
integrated impedance matching coupling circuits, etc.. All these works are related to the low
voltage (230 V) PLC base home automation system applications. Hence, they have not
focused on high voltage coupling arrangements as well as on HV-CCs and the methods are

not suitable for high voltage PLC applications.
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Beyond this, few prominent researchers in the field of PLC, have been done a notable
amount of work on high voltage coupling systems. For example, in [73-75], Kikkert
modelled various coupling arrangements using 12 nF and 6 nF high voltage capacitors for
19.1 kV SWER line. Artale et al. [76] proposed a capacitor voltage divider circuit
arrangement for PLC application for a 52 kV medium voltage power line. All the above
coupling circuits are tailored for a limited frequency range of around 10 kHz to 150 kHz and
for all the above coupling design high voltage capacitor is the main element but none of
these research works shade lights on the actual behavior of an HV-CC. Especially, the
behavior of HV-CC has a significant impact on the coupling circuit behavior at the higher
broadband range of above 500 kHz. Few others investigated coupling circuit designs, but
often not considered the feasibility of real-word implementations demonstrated by the choice

of simulation-based random component values only available at LV ratings [71, 72, 77].
2.8.6  Reflections from Transformers

A transformer tapped, to a PLC channel, may attenuate the carrier signal for several
different reasons. The length of the tapped line may be near the quarter-wavelength of the
carrier, and the transformer may present either a low or a high impedance to the signal,
creating reflections that will interfere with the main signal. The transformer may even
present a short circuit to the carrier signal [78]. Maximum out-of-phase reflected signal
occurs when a tapped line is not terminated into tuned carrier equipment, or terminated into
a power transformer, and is one-quarter wavelength of the carrier frequency in length or odd
multiples thereof. This reflected out of phase signal causes cancelation of the transmitted
signal. To minimize this, line traps can be placed as close to the line as possible to attenuate
the signal traveling into the tapped line and the reflected energy returning from the tap
section. The amount of isolation will depend on the trap impedance with respect to the

impedance of the main line. The higher the trap impedance, the greater the signal attenuation.

2.9 PLC Standards and Electromagnetic Compatibility

The term ‘PLC standard’ refers to some guidelines and rules required for the development
of any kind of product, process, or services related to PLC applications. PLC standards are

very important for the establishment of a transparent communication over the power line
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network [79-83]. The International Telecommunication Union (ITU), International
Organization for Standardization (ISO), International Electrotechnical Commission (IEC),
Institute of Electrical and Electronics Engineers (IEEE), Federal Communication
Commission (FCC), and the European Committee for Electrotechnical Standardization
(CENELEC) are the main Standardization Organizations (SDOs) that develop and propose
standards in the communication sector. On the other hand, G3-PLC, Power Line Intelligent
Metering Evolution (PRIME), the American National Standards Institute (ANSI), KNX and
HOMEPLUG are some groups and alliances that deploy these standards and technologies in
the PLC sector.

Based on the overall frequency allocations, the PLC system can be divided into two types:
Narrowband Power Line Communications (NBPLC) and Broadband Power Line
Communications (BBPLC). BBPLC deals with frequencies above 1 MHz, while NBPLC
deals with frequencies less than 500 kHz. Different SDOs work in different frequency
ranges. For example, CENELEC works within the NB-PLC range, while ITU and IEEE
work within both NB-PLC and BB-PLC ranges. Different Standardization Organizations
(SDOs) propose different PLC standards, which are being followed by different PLC
application providers to establish this standard in real time. However, among SDOs, the
IEEE, ITU, IEC and CENELEC are the most widely recognized standard provider in the
world. Table 1 on the next shows most SDOs categorized according to their frequency

allocation ranges.

Table 1: PLC frequency ranges in different standards.

Name of the SDOs & PLC standards Range of Frequency PLC system
A 3 kHz -95 kHz
B 95 kHz —-125 kHz
CENELEC NB-PLC
C 125 kHz —140 kHz
D 140 kHz — 148.5 kHz
FCC 145.3 kHz - 478.125 kHz NB-PLC
IEEE IEEE 1901.1 9 kHz - 500 kHz NB-PLC

42



Chapter 2: Literature Review

IEEE 1901.2 2 MHz -50 MHz BB-PLC
ITU-T. G.-9955/96 9 kHz - 475 kHz NB-PLC
ITU.T.G. (1SO) 3 kHz -1610 kHz NB+BB PLC
ITU-T. G.-9960/61 50M 2 MHz - 50 MHz BB-PLC
ITU
ITU-T. G.-9960/61 100M| 2 MHz - 100 MHz BB-PLC
ITU-T. G.-9960/61 SGP | 2 MHz -30 MHz BB-PLC
NBPLC 3 kHz - 76 kHz NB-PLC
IEC
IEC12139 (SGFG) 2 MHz - 100 MHz BB-PLC
HomePlug Green
PHY (HPGH NB) 120 kHz - 400 kHz NB-PLC
HomePlug Green
1.8 MHz -30 MHz BB-PLC
HomePlug PHY (HPGP BB)
HomePlug AV (HPAV) 1.8 MHz - 30 MHz BB-PLC
HomePlug AV2 30 MHz - 86 MHz BB-PLC
Electric Power Research Institute (EPRI) 3 kHz - 90 kHz NB-PLC
Association of Radio Industries and
Businesses (ARIB) 10 kHz- 450 kHz NB-PLC
Special International Committee on Radio
Interference (CISPR) 3 kHz -76 kHz NB-PLC
Interference Causing Equipment Standard 0 - 535 kHz NB-PLC
(ICES)
Other companies (Intel, Lantiq, Panasonic) | 2 MHz - 100 MHz BB-PLC

2.10 Conclusion

This chapter has provided a survey of relevant background information and advancements
in PLC communication technology with a review on technical details of different

components of the system including the transmitter and receiver platforms, coupling
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capacitor, line tuner, and line traps. This chapter strongly focuses on the knowledge gaps,
potential applications, and major challenges on the various aspects of the PLC technology.

The main highlights of the chapter can be included as follows:

e Areview on key technical components of PLC systems such as various line traps, line
tuner, drain coils, coupling capacitor. This information could be an important
document to re-design that hardware for future improvement of the PLC technology.

e Discussion on major challenges towards the implementation of PLC technology such
as frequency-based impedance variation and coupling circuit issues. Impedance of a
power line changes significantly with the high frequency. Matching this varying
impedance to the coupling arrangement is one of the major challenges to inject PLC
signal over the power line. Various impedance matching techniques have been
covered with hints on developing a new matching technique for PLC applications.

e Coupling circuits are the main components of the PLC system. A brief review on
existing coupling methods have been presented and shortcomings of existing coupling
circuits for High Voltage (HV) and Medium Voltage (MV) applications were
intensively focused on.

e Noise is an important issue on PLC implementation as it can impact the PLC
propagation significantly. A specific noise measurement technique with practical
demonstration results have been reviewed. This discussion on noise analysis could be
very useful for all the other potential application especially for PLC based fault
detection application, on-line metering, and remote network monitoring purposes.

e Some other important findings from the literature such as voltage versus attenuation,

distance versus attenuation, and EMC compatibility are also discussed.

Overall, this chapter has provided a technical discussion on the peripherals, reliability,
attenuation, noise, and distortion considerations in using PLC systems over power lines. Line
impedance matching problems and the effect of transformer reflections on the attenuation of
the carrier signal have been noted. Various PLC standards and electromagnetic interference
regulations have been summarized with insights into technical details and critical challenges
of PLC systems. Irrespective of application, accurate channel modelling is critical in

studying how the SWER channel would perform with regards to key questions on reliability
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and quality of the proposed scheme. A key weakness in previous work is that network
modelling included large lumped segments up to 10.5 km. Presented results were limited to
comparison of measured attenuation results against those predicted by software models. One
significant knowledge gap addressed in this thesis will be the development of an exemplary
fine-detailed segment-by-segment modelling of a SWER overhead network including spurs
with short segment line lengths as short as 22 m. System level simulations will also be
targeted enabling a direct comparison between actual measured carrier tone voltages and
those predicted by the modeling. Modelling of the SWER transformer and the capacitive
coupling circuit will be based on a novel methodology that involves taking Touchstone file
(containing s-parameter measurements) of the same. These s-parameter based models will

be incorporated into the overall model and efficacy of this approach assessed.
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Chapter 3
Coupling Circuit Design

3.1 Introduction

In a PLC integrated power network, the coupling circuit plays an important role. A decent
volume of research has been conducted on the development of PLC applications on SWER
networks by Kikkert ef al. [35, 73-75]. Their works mainly concentrated on establishing a
communication system over SWER powerlines, which influenced authors to observe the
individual high-frequency behavior of various equipment. The coupling circuit by Kikkert
are mostly transfer integrated impedance matching unit coupled to the 12.7 kV SWER
powerline through a High Voltage (HV) Coupling Capacitor (HV-CC).

The coupling circuits by Kikkert and associates were always designed as per the rated
capacitance without considering the internal circuitry of HV capacitor units. Off-the shelf
CCs always include protective circuitry, which influence the overall capacitance of the unit.
In this regard, a 1 nF/24 kV capacitor has been tested over a range of frequencies to
characterize the exact value and electrical behavior of the capacitor, which helps to design

the appropriate coupling circuit for the SWER network.

Cost and size of the HV-CC increase with the increase of the capacitive value. Most
previous works related to high voltage coupling system relied on higher valued CCs. For
example, in [73, 75], 12 nF and 6 nF high voltage capacitors were used possibly rated 19.1
kV or higher. In this thesis, only a InF/HV-CC has been used for 12.7 kV network coupling.
Hence, the featured coupling circuit is certainly a good choice for PLC-implementation in
SWER network in terms of economic viability. Research on modelling and lab-based
implementation of different types of coupling circuits have also been conducted in [70, 71,
77], which concentrate on modelling the coupling circuit from a theoretical point of view,
without considering the intended specific application in real world. The authors also did not
consider the implementation feasibility of their proposed circuits using commercially

available components.
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Few researchers have worked intensively on coupling circuit design, such as Rensburg et
al. [67-69], who modified coupling arrangements with different circuit schemes such as the
LC matching technique [68], and adopted impedance matching transformer in his coupling
arrangements [67, 68]. However, the circuits they developed are well applicable for Low
Voltage (230 V) PLC-based home automation systems. Typical SWER powerline voltages
are (12.7 kV) and (19.1 kV). Hence, the coupling circuit designs by Rensburg are not
suitable for SWER network. There is a clear need to develop low attenuation coupling circuit
designs that can be applied in SWER networks and other mediums including high voltage
powerlines. Considering the aforementioned issues and knowledge gaps, this work focuses
on the modelling, design and evaluation of PLC coupling onto SWER networks using

available off-the-shelf products.

This thesis proposes a novel L-C band pass impedance matching circuit for PLC
applications coupled to a Single Wire Earth Return (SWER) network via a 1.1 nF High
Voltage (HV) Coupling Capacitor (CC). The work begins with characteristic impedance
prediction of various SWER conductors followed by an analysis of the theoretical LC-
resonant based coupling arrangements. A key finding is that high inductance and capacitance
values are required for such LC-resonant based arrangements increasing the cost of
solutions. An HV CC is then analyzed and its effective capacitance is demonstrated, to be
impacted by its internal protection circuitry. An L-C band pass matching circuit is then
designed, built and tested as per the derived capacitance of the chosen HV-CC. The proposed
coupling circuit produces only -4 dB insertion loss over the targeted 50 kHz to 150 kHz band
and includes off-the-self components for a commercially viable solution. The design is based
on the capacitance of an HV-CC and uses of off-the-shelf components setting this work aside
from comparative works, which only considered hypothetical designs using unviable

component values.

This chapter discusses the comprehensive research methods and flow chart of the work. It
presents the modelling of SWER powerline for impedance prediction. Highlights the
evaluation of a transformer integrated coupling circuit considering SWER powerline
impedance. This chapter characterizes the electrical equivalent circuit of the 1 nF/HV-CC
integrated with SWER powerline in the PLC frequency range. The theoretical modelling and

simulation of the proposed coupling circuit is also presented. Finally, hardware
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implementation of the proposed is discussed along with a comparative performance analysis.

3.2 Overview of a PLC System

A PLC coupling circuit can behave like a high pass or band pass filter, which rejects the
low-frequency power signal from entering the modem and allows the PLC signal to penetrate
onto the SWER powerline. In this work, the CENELEC band 50 kHz to 150 kHz has been
chosen as the range of analysis signal because this band complies with EN 50065. The
application of the Coupling Circuit in SWER powerlines is sophisticated because the
impedance of the SWER powerline varies at different PLC transmit frequencies, which is a
key factor that must be considered in the design of a coupling circuit. The comprehensive
methodology of the system can be described as follows: the PLC modem generates signals
in the 1-500 kHz frequency range, the band pass circuit extracts the designated band and
feeds into the SWER powerline after adjusting the impedance issue through the HV-CC. Fig
3.1 shows the schematic arrangement of a PLC integrated SWER network.

Long distance SWER
: 22/12.7 kV LINE(12.7 kV)
[ isolation _ |
transformer M1
' | I PLC-Signal
3-Phase 22 kV . _ L] integrationin
Transmission F ______ L _ 1 SWER Line
Line :
! : HV -CC
|~ - —] integrated PLC modem
— — .| coupling circuit

Fig 3.1: Schematic arrangement of PLC-integrated SWER powerline

3.3 Conventional Component Based Coupling Circuit

In this section, conventional component-based coupling circuits such as the LC resonant
type coupling circuit and a modified transformer integrated LC-resonant type coupling

circuit have been modelled and evaluated considering the SWER powerline properties. Fig
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3.2 shows a very simple, series LC resonant circuit and Fig 3.3 shows an impedance
matching transformer integrated LC resonant circuit. In these circuits, Port-1 has been taken
as the SWER powerline side (receiving side) and Port-2 has been taken as the PLC modem
side (the transmitting side). The impedance combination has been considered as 260 /50
Q, which are the standard SWER powerline and modem impedances respectively. Egs. (3.1)

to (3.3) were used for the parametric calculation of the LC-resonant circuit.

Long distance SWER Line (Equivalent
» impedance X= 260 ohm)

Port-1 Inductor L for
theoretical LC-
resonant based

circuit

Capacitor C for
theoretical L-C
resonant Circuit

53 pH

63.3nF

PLC modem
side Port-2

R=50 ohm

Fig 3.2: A simple series LC resonant circuit

Long distance SWER Line (Equivalent
impedance X=260 ohm)
Port-1
53 puH
L-C resonant
L Circuit
63.3 nF
PLC modem
[ ) side
R=50 ohm
2:1
Port-2
A e e 4
Impedance
matching
transformer

Fig 3.3: An impedance matching transformer integrated LC-resonant circuit

Egs. (3.1, 3.2, and 3.3) can be used to calculate the capacitance, inductance and the

frequency of resonance respectively.

49



Chapter 3: Coupling Circuit Design

1

- 21XfLow (31)
X

L= (32)
1

fo = (3.3)

Where,
L is used for inductor.
C is for capacitor,
fr is for the resonance frequency and
X is the impedance of the SWER powerline side.
R is the impedance of the PLC modem port

A 100 kHz bandwidth in the 50 kHz to 150 kHz band is targeted. For this reason, 50 kHz
has been chosen as the lower cut-off frequency and 150 kHz has been chosen as the upper
cut-off frequency. Using Egs. (3.1) to (3.3), the key parameters of the resonant circuit have
been obtained as C = 63.63 nF; L = 53 uH and the frequency of resonance fy as 86.662 kHz.

Table 2 shows the parameters used for the theoretical calculation.

Table 2: Components values of LC-resonant circuit

Parameters Values
Receiving (SWER powerline) side 260 O
impedance, X
Transmitting (PLC Modem) side 500
impedance(R)
Lower cut-off frequency, fiqw 50 kHz
Higher cut-off frequency, fhigh 150 kHz
Resonance frequency, fg 86.66 kHz
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The insertion loss profile of the above LC-resonant circuit can be further improved by
using an impedance-transforming unit, such as a transformer as shown in Fig 3.3, a
transformer enables impedance matching using its turn’s ratio. Different types of
transformers (normal two winding, center tapped, and auto tap changing) can serve for this
purpose. For example, in Fig 3.3, an LC-coupling circuit with an integrated transformer (2:1)

connected to the SWER powerline and PLC modem has been shown.

The turn’s ratio of a transformer is given by Eq. (3.4),

N :
N = — = turnsratio (3.4)
Np

Where N is the turn’s ratio,
N; is the number of turns on the secondary and Np is the number of turns on the primary.

The relationship between the turns ratio and impedance of the transformer’s primary and

secondary windings is given by Egs. (3.5) and (3.6)

2
Zs <NS>
e (3.5)
ZP Np
Ng Zs
v |z (3.6)

Where
Z, is the impedance of the secondary winding and
Z,, is the impedance of the primary side.

Using Egs. (3.5) and (3.6) the turn’s ratio of the transformer required to match the

impedance on both sides can be calculated as in Eq. (3.7).
Ns = F = /@=2.25=~2:1 3.7)
Np Zp 50
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As shown, a transformer with a turn’s ratio of (2:1) needs to be connected between the
SWER powerline and PLC modem for 260 Q to 50Q impedance matching. Fig 3.4 shows
the two-insertion loss curves: one for the simple LC-resonant type coupling and another for
the transformer integrated LC-resonant coupling respectively. The curve with circular
marking shows the insertion loss graph of the simple LC-resonant type coupling circuit when
connected to the SWER powerline and PLC modem. As shown, the insertion loss is -2.717
dB at both the upper and lower cut-off frequencies. At the centre frequency, the insertion

loss reduces to -2.667 dB.

LC_Resonant_Coupling Vs TX_Integrated_Coupling
10
50 kHz Frequency of resonance 86.66 kHz 150 kHz
0 2.717 dB = 5717 dB
-10
S
E| -20
|
1)
g -30 86.66 kHz 86.66 kHz
= -2.667 dB -0.0001317 dB
S
g 40 LC_Resoshant_Based_Coupling Transformer_Integrated_LC_Coupling
B -50
=
-60 = DB(IS(2,1)])
Transformer_Integrated_Coupling
-70 -©-DB(|S(2,1)])
LC_Resonant _Coupling
-80
1 10 100 1000 10000
Frequency (kHz)

Fig 3.4: Insertion loss graph of LC-resonant vs transformer integrated coupling circuit

On the other hand, the inclusion of the transformer improves the matching criteria between
Ports 1 and 2. The curve with circular marking presents the improved loss profile, after
adding the transformer. As shown, the insertion loss has gone down to nearly zero (~0 dB)
at the centre frequency of 86.66 kHz. For the whole 50 kHz to 150 kHz band, this modified
circuit exhibits less than -0.5 dB insertion loss, which is significantly lower compared to the

previous LC resonant only coupling.

Though these circuits produce very low insertion loss, unfortunately the inductive (L) and

capacitive (C) values needed for these design are not practical or commercially available
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[12, 37, 56, 84]. The design of this highly optimistic coupling circuit would require a 63.3
nF HV capacitor. Capacitors with much lower capacitance values such as the 1 nF/24 kV
demonstration capacitor [18] already cost several thousand dollars and weight around few
kilograms . Moreover, the design of the custom 63.3 nF capacitor would require 63 single
capacitor units connected in parallel, which is not feasible in terms of cost, size, weight and
effort. A number of works have used extensive higher capacitance to design coupling circuits
for high voltage (HV) or medium voltage (HV) lines, adopting T or Pi-matching network
theories such as [72, 73, 85]. Due to the impracticability of such theoretical designs, next
section investigates the feasibility of a commercially available off-the-shelf HV-CC

integrated band-pass impedance matching coupling circuit for SWER network.

3.4 Characterization of SWER Powerline Integrated HV-CC

Previous sections have explored the theoretical design of LC resonant circuit based
coupling circuits and identified that capacitive and inductive units required for such coupling
circuits may be impractical to procure. To address these challenges, a relatively low-cost 1
nF/24 kV, HV-CC has been chosen and the impedance matching circuit accordingly
redesigned. Two main points are highlighted such as characterization of the HV-CC and
impedance predictions of SWER line-integrated HV-CC at the required PLC frequency band.
Finally, an equivalent circuit for the combined SWER powerline and HV-CC for the desired
PLC frequency band has been derived and presented in this section of the paper. The reason
behind the selection of the 1nF/24 kV CC is its suitability for use in SWER networks with
its nominal voltage rating. Besides, most commercial HV-CC are minimum 8800 pF/72 kV
rated [86], which is not suitable for SWER applications because of large size, higher cost
and over-rating. Typically, a CC provides a low impedance path for the HF signal to the HV
line, but a high impedance path to the power frequency. It drops the line voltage across its
capacitance with its LV end grounded through an inductor, called the drain coil. The drain
coil provides a low impedance path for the power frequency and a high impedance path to
ground for the carrier signal. Using Egs. (3.8) and (3.9), it is verified that the 1 nF
commercial CC provides 3.184 kQ impedance to the 50 kHz PLC signal and 3,184 kQ

impedance to the power frequency.
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1 1
ZC"SOHZ_2X1r><f><C_ZX1rx50><1nF~3’184kQ (3:8)

1 1

Ze-sokHe = 5 S TR C T Zx mx S0k x InF © o184k (39)

All manufactures provide HV-CCs with nominal values excluding the internal protection
circuit, which normally consists of a drain coil, diodes and surge arresters. To design an
efficient coupling arrangement for a HV-CC, the electrical equivalent circuit including the
protection circuit must be decoded. Fig 3.5 shows visual graphic and internal equivalent
circuit of the commercial 1.1 nF/24 kV CCJ[18], where the 1.1 nF capacitor is connected in
series with the internal protection circuit and the output is taken from the top end TNC output
port of the CC. The protection circuit includes the surge arrester, freewheeling diode pair,

drain coil, and few capacitors all these components affect the overall capacitance of the HV

Cast Resin i TNC Output

Mold
1 nF

CC at high frequency.

EC75X 470 R§ L1 -
Surge [

Arrester r
| — 680 nF

D|47v!r _|_ 680 nF =|= 680 nF=

Fig 3.5: Commercial HV-CC and internal protection circuit arrangement [18]

ARRAARRRARA LAY

—
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The experimental setup shown in Fig 3.6 has been connected for testing the HV-CC to
test and understand its HF response. Procedure can be described as follows: a known voltage
is applied to the input port from a function generator in the PLC frequency range and output
is taken from the TNC port. To visualize the input and output waveforms, both the input and
output have been measured with the two channels of the oscilloscope. To demonstrate the
accurate behavior of the CC, input signals have been given at three different frequencies

such as 50 kHz, 100 kHz and 150 kHz. For all the cases, similar input and output values
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have been measured at the oscilloscope. The curve obtained from the oscilloscope for the

100 kHz input and output case is shown in Fig 3.7.

__Input to the CC from the
function generator

&I» 2.0V/div 1MQ By:500M H®® / 40.0mv 10.0ps/div 20.0MS/s 50.0ns/pt

@i |
@7 3.0V/div LY, :500M | m m Triggered Auto )| Run Sample l
T |« @ | 5115 acqs RL2.0k
am e

116.931kv/s | €D

Auto May 31, 2019 09:49:41

Fig 3.7: Input and output voltage curve of HV- CC at 100 kHz.

As shown, there is no phase difference between the input and output curves, which
demonstrates that the behavior of the protection circuitry of the CC is similar to a capacitor.
Hence, the revised electrical equivalent circuit for the 1.1 nF/HV-CC can be re-drawn as

shown in Fig 3.8.
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1.1 nF (Cy)
Input i Output
Terminal ( | | ) Terminal
| )
? u Unknown Capacitor for
Input Output @9 Protection Circuit (Cy)
Voltage (Vl)& Voltage (V) B EE—
Ground =

Fig 3.8: Simplified electrical equivalent circuit of the HV- CC

The unknown capacitance can be easily calculated using the voltage divider equation of
Eq. (3.10). In Eq. (3.10), setting the value of measured input voltage (V1) to 2.01 V, output
voltage (V2) to 1.17 V and C; as 1.1 nF; the unknown capacitance for protection circuit can
be obtained as 0.79 nF. Hence, the equivalent circuit of the SWER powerline integrated high

voltage 1.1 nF/ HV-CC can be redrawn with it’s the internal capacitance value as shown in

Fig 3.9.

_Cx1y —>C, = C1XVi—V%xCy (3.10)

V, =

0

The impedance between port a and b will be the frequency
dependent impedance(F.D.I) at PLC frequency

HV-CC and SWER line integrated
combined F.D.I (Frequency
Dependent Impedance)

(
| a
|

SWER Line Equivalent
Impedance
wyo 09z

0
Ground b

Fig 3.9: Equivalent circuit of the SWER Line-integrated HV-Coupling Capacitor.

Considering the HV-Equivalent circuit (HV-CDC), a comparative magnitude and phase
analysis have been carried out to show the difference between the HV-CDC and ideal HV-
Capacitor with respect to the commercial 1.1 nF/24 kV coupling capacitor. Fig 3.10 shows
the magnitude and Fig 3.11 shows the phase difference between these circuits. Both figures

show that the difference for the CDC and the commercial capacitor is lower than the ideal
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capacitor. This deviation becomes more visible at higher frequencies. For example at 30
MHz, in terms of magnitude, the HV-CDC and actual capacitor show a deviation of only 2
dB, whereas the ideal capacitor and commercial capacitor show a deviation of 8 dB at the
same frequency. Similarly, in terms of phase, the HV-CDC and the actual capacitor exhibits
lower differences, whereas the difference between actual capacitor and the 1.1 nF ideal

capacitor is quite high.
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5
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0 ——
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Fig 3.10: Magnitude difference of insertion loss (S21)

Difference in Phase between Two S-parameters
100
Phase difference between
0 o o real HV-CC and CDC
-100
-200 —%- SDeltaP(Schematic 1,6,5,2,1) (Deg) i
Real HV-CC and 1.1 nF Phase dlfferencg between
real HV-CC and ideal 1.1 nF
= SDeltaP(Schematic 1,6,5,4,3) (Deg) P
Real HV-CC and CDC
-300
10 100 1000 10000 100000
Frequency (kHz)

Fig 3.11: Phase difference of insertion loss (S21)

Due to this internal capacitance, the traditional matching methods such as the T-network
or Pi-network do not apply to this configuration [70, 87, 88] since traditional matching

circuits develops their equations considering a simple series or parallel capacitor connected
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with the load. In this case, due to the internal capacitance, the HV-CC cannot be represented

as linear as the previous theoretical circuits. Hence, in this paper, the band-pass impedance

matching coupling circuit will be proposed considering the internal capacitance of the HV-

CC due to its protection circuitry. The Frequency Dependent Impedance (F.D.I) of the SWER

powerline with the integrated CC (F.D.I SWER line-integrated_cc) can be represented by Eq.(3.11),

which has been extracted using the two-port network theorem and voltage divider rule.

F.D. Iswer line—integrated_CC =

(260+X;1)XXcp
260+Xc1+Xc2

(3.11)

The F.D.Iswerline-integrated_(ccy Was also simulated with the sophisticated RF design

suite the Microwave Office and the impedance curve plotted as shown in Fig 3.12.

1

1

T 2mfXe  2mx100x103X805.89

="2nF

(3.12)

The frequency component 100 kHz has been considered as the center frequency, hence,

the F.D.I for the HV-CC integrated SWER powerline at center frequency was extracted as R

= 78.14 Q and X.=-805.89 Q. From the negative X, value, the equivalent capacitive

component of the circuit can be calculated as in Eq. (3.12). The overall equivalent circuit of

SWER powerline HV-CC integrated band-pass matching circuit and PLC modem can then

be redrawn as shown in Fig 3.13.
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Fig 3.12: F.D.I curve of the SWER line- integrated HV-CC

58



Chapter 3: Coupling Circuit Design

C : ~2nE
78 ohm I I : \

. Proposed band-pass
HV-CC_integrated matching circuit
SWER Line Equivalent

Impedance \
X J

Ground

Fig 3.13: Overall equivalent circuit of the complete system

3.5 Theoretical Background of the Coupling circuit

This section presents the design of the proposed L-C band pass matching circuit
considering the equivalent HV-CC integrated-SWER powerline impedance. The concept and
background theory of virtual resistor matching technique has been documented in [88-91].
The impedance matching circuit can be of high-pass, low pass or band pass nature depending
on the application of PLC system and frequency requirements. The authors have chosen the
band-pass circuit because of the frequency of interest being within 50 kHz to 150 kHz range.
Therefore, the L-C section connected with the source needs to behaves like low-pass and the
section connected with the SWER powerline as of high-pass. Cascading of these two

sections will produce the required band pass response.
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Fig 3.14: Circuit diagram of the virtual resistor based matching arrangement
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Herewith, the low-pass L-C section will be connected with the 50-Q standard PLC
modem impedance and high pass L-C section will be connected to the 78-C (resistor) and 2
nF (capacitor) based equivalent impedance of the SWER powerline HV CC. According to
the virtual resistor concept, a shunt resistor will be placed between the two sections and both
the sections will be matched with this conceptual impedance. To implement the matching
circuit, the resistive element will be first considered followed by the addition of the capacitor.

The schematic diagram of the method has been shown in Fig 3.14.

In this schematic X, X1, X poand Ry are the unknown impedances. The properties of

these impedances have been given in Table 3. X;; and X, are the smaller impedances for
both sections and will be connected in series. For the low-pass section, Xy, will be inductive

and X, capacitive. On the other hand, with the X,); and X, will be vice versa.

Table 3: Impedance properties of the virtual resistor based matching circuit

Impedance Low pass section Impedance High-pass section
Name Name
Value | Properties | Connection Value | Properties | Connection
X1 Low | Inductive Series X, low Capacitive | Series
Xp1 High | Capacitive Parallel Xp2 high Inductive | Parallel

The calculation of the parameters start with the calculation of the virtual resistor (R,)

which can be done by Eq. (3.13) [88, 92].

R, = /Rs XR, = R, = {/Rg x R, = V50 X 78 = 62.5 Q) (3.13)

Here, the PLC modem port impedance is Rg=50 Q and equivalent SWER powerline
impedance is R;=78 €. The virtual impedance R,, is 62.5 Q. Q-factor defines the steepness
of the cut-off frequency slope of a filter. A higher Q-factor gives a sharper cut-off frequency
band. The value of Q-factor can be readjusted according to requirement by changing the
source impedance. However, the Q-factor and the other unknown parameters of the circuit
of Fig 3.12 (e.g. L and C component values for the high pass and low pass sections) can be

determined as follows.

60



Chapter 3: Coupling Circuit Design

The calculation of Q followed by X4, X;,1, L and C for low-pass section:

Ry 62.5 5 1

Xs1-Lp = Qlow_pass X Ry = 0.5 X 62.5 = 31.25 () (3.15)

R =3 =1000 (3.16)

Xpi-Lp = ————
p1-LP Qlow—pass 0.

Calculation of inductive (L) and capacitive (C) components consider the center frequency

as 100 kHz and these have been determined as 50 pH and 15 pH as in Egs. (3.17-3.18)

 Xey 3125
Hence, Llow—pass = ﬁ = m =50 |J_H and (317)
C = = : =15nF (3.18)
low-pass ™ x | xanf ~ 100x100x1003 '

Qup Xs2, Xy, have been determined as 0.5, 39 Q and 125 Q as shown in Egs. (3.19-3.21)

wp = [Rk_1= \/3 —1=+1.248— 1 = 0.248 = ~0.5 (3.19)
Ry 62.5
XSZ—HP = thgh—pass X RL = 05 X 78 = 39 .Q. (320)
Ry _ 625 _

For the above, Qyp the (Lyp) and (Cyp) calculated as follows at 100 kHz

1 1

Hence, Chigh—pass = Py . ZmX100x107X39 = 40nF and (3.22)
 Xep 125 _
Lhigh-pass = 57 = Smxqo0x10s — 200 HH (3.23)

After obtaining these L and C values, the complete electrical equivalent circuit of the
proposed band-pass impedance matching coupling circuit can be drawn as in Fig 3.15. On
the high pass section, the overall capacitor can be calculated from the sum of the 38 nF

coupling circuit and 2 nF internal HV CC integrated SWER powerline capacitance.
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Fig 3.15: Final coupling circuit with L and C values

The insertion loss profile of the above coupling circuit was obtained using the Microwave
Office platform. Fig 3.16 shows this insertion loss profile to be around -2 dB within the
target frequency band of 50 kHz to 150 kHz. This low insertion loss certifies that this
designed circuit will minimize PLC signal attenuation in signal injection to a SWER network

viaa 1.1 nF CC.
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Fig 3.16: Insertion loss profile of the coupling circuit
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Fig 3.17: Smith chart-based impedance graph of the coupling circuit

The impedance behavior of the overall coupling circuit can be explained using a Smith
Chart. The Smith Chart of Fig 3.17 shows that from 0.01 kHz (10 Hz) to 103 kHz, this circuit
is inductive and after 103 kHz to the maximum 5000 kHz, this circuit behaves like a
capacitor dominated circuit. Another important task of a coupling circuit is to block the high
voltage power frequency. In this respect, an AC analysis has been done considering a 12.7
kV input from the SWER powerline and the voltage and current at the PLC modem port has

been determined. Fig 3.18 shows the electrical equivalent circuit for the AC analysis.
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Fig 3.18: Revere AC (12.7 kV) analysis of the coupling circuit.

From the simulation, it has been determined that the voltage at the input of the PLC
modem is (0.476 mV) and current will be only 0.00943 mA. Hence, this small amount of
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50 Hz reverse power towards the PLC modem will not create any harm to the modem
circuitry. Fig 3.19 presents the 50 Hz voltage and current curves at the PLC modem end with

a 12.7 kV input voltage applied at the SWER powerline end.
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Fig 3.19: PLC modem end voltage and current curve

Similarly, the voltage at the HV-CC end is 632.5 V as depicted in Fig 3.20. Hence, the
rating of the capacitor of the high pass section must be higher than 632.5 V. In addition, the
proposed design can also be developed for higher frequency by selecting the operating

frequency followed by the adjustment of Q-factor and L, C parameter calculations.
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Fig 3.20: HV-capacitor end voltage and current curve
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3.6 Experimental Evaluation of the developed coupling circuit

The simulation results have been verified with a lab based hardware implementation of
the circuit. First step of the experimental work was the selection of inductor and capacitor
units. One of the major focus of this work was to build the CC with commercially available
components. Hence, the closest inductor and capacitor units compatible with the modeled
circuit were used for building the circuit. These include a 220 uH commercially available
inductor in place of the 200-puH inductor. Similarly, two 22 nF capacitors were connected in
parallel instead of the 40 nF capacitor. However, while selecting any L or C units, self-
resonance must also be checked. This is because if the component resonates (with self)
before the frequency of interest, the circuit will not give the expected response. The self-

resonance was verified for both the components with the BODE-100 analyzer.

Fig 3.21 presents the self-resonance curve for the components and it shows that the self-
resonance frequency for both the capacitor and inductor is around 350 kHz to 400 kHz,

which is way beyond the designated frequency.
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Fig 3.21: Self-resonance curve of the 220-pH inductor unit

Therefore, the selected components are suitable for coupling within the target band. A fter
selecting the suitable L and C units, the circuit has been prototyped with a breadboard. The
RF frequency swept input from the signal range of 100 Hz to 10 MHz has been given at the
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PLC modem input and output has been taken from the equivalent SWER powerline and HV
capacitor end. All the L and C components were connected according to the circuit of Fig
3.22. The 78-Q SWER powerline impedance was achieved by connecting the 50-Q vector
network port with a series 27-Q external impedance, which gave the nearest value. RF input
functionality and response of the circuit has been recorded with the PC-Based Vector
network analyzer (PC-VNA). Fig 3.22 shows the experimental setup of the circuit in lab

environment with equivalent resistor.

:‘:-}éc-interface for th , -

" measurement
RF-Output

BODE-100 PC based VNA

Fig 3.23: The experimental setup of the circuit in lab environment

Along with the equivalent resistor, the coupling circuit has been tested with the coupling
capacitor itself. Fig 3.23 shows the experimental setup of coupling circuit connect with the
(1 nF/24 kV) CC. The insertion loss profile for both the configuration was similar. The
experimental gain or insertion loss S21 and reflection or S11 graphs have been plotted as

shown in Fig 3.24. The real time insertion losses in the designated frequencies are -4 dB at
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50 kHz, -3.5 dB at 100 kHz, and finally -4 dB at 150 kHz. This experimental result has also

been compared with simulated result in Fig 3.25.
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Fig 3.24: Experimental insertion loss and reflection loss graph of the circuit.
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Fig 3.25: Comparison of the experimental and simulated insertion loss
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From the graph, it can be shown that the simulation-based insertion loss for this circuit
was higher than -3 dB, whereas the experimental result is around -4 dB. To analyze the error
in detail, the deviation between the attenuation of simulated circuit and the experimentally
designed circuit have been studied for different frequency components from 50 kHz to 500

kHz. These are included in Table 4, which the covers the designated PLC frequency band.

Table 4: Deviations in attenuation between simulated and experimental Coupling

arrangement
Frequency in kHz Attenuation in dB Attenuation in dB | Error or deviation in
(Experimental) (Simulation) attenuation (dB)

50 2.2 -4.066 1.866
100 -1.014 -3.327 2313
150 -1.275 -3.95 2.675
200 -1.994 -5.083 3.089
250 -3.081 -6.573 3.492
300 -4.442 -8.251 3.809
350 -10 -5.957 4.043
400 -11.71 -7.521 4.189
450 -13.36 -9.066 4.294
500 -14.91 -10.56 4.35

Following the table, a functional graph of frequency vs error of attenuation of the
simulated and designed circuit is shown in Fig 3.26. The error curve shows that the deviation
tends to increase beyond the designated frequency range. Such as, till 150 kHz, the error is
less 3 dB, but on the other hand, at higher frequencies above 450 kHz, the curves get stable
around 4 dB deviation in attenuation. The difference is possibly due to not using the exact

component values and the effect of the internal DC resistance of the inductors.
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Frequency Vs Error in Attenuation (dB)

Error in dB
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Fig 3.26. Frequency Vs Error in Attenuation for simulated and designed circuit

Above findings like the overall insertion loss of designed circuit, reasonable error
between the simulation and experiment results reinstates the feasibility of the circuit to be
used in a real-time PLC coupling. However, in other coupling circuits for low-voltage PLC
applications such as in [87, 88], authors were not able to reduce the insertion loss less than -
10 dB making this particular circuit very promising to use in real-time PLC applications over

SWER networks. Photos of CC injection and reciver setup shown in Appendix E and F.

3.7 Comparative Performance Analysis

A list of comparative parameters of the proposed model with its contemporary coupling
circuits in terms of voltage range, bandwidth, insertion loss, approximate cost etc. have been
provided in Table 5 and Table 6. From the analysis, it is clear that most previous works in
this field are related to the low voltage PLC applications [67-69, 87, 88]. These are not

applicable to SWER powerlines and have higher insertion losses than the proposed circuit.

The previously designed coupling circuits from [73, 75] and [93, 94] (see Table. 5) could
be used in SWER network PLC applications. Works by Artale et al. [93, 94] did not specify
the capacitive value of the utilized CCs in their works, which is a major shortcoming. In [73,

75] 6-12 nF CCs were used. The cost of these solutions [73, 75] are likely to be much higher
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and not commercially viable for large scale applications, considering that higher value CCs

cost more. Herewith, these circuits [73, 75, 93, 94] also did not consider the internal circuitry

of the utilized CCs, and relied their designs on the rated capacitance. However, as presented

herein, the internal protection circuitry of a HV-CC creates impedance mismatch, which

must be considered in designing a good coupling circuit.

Table 5 : Comparison with conventional low voltage coupling arrangements

Type of Coupling Application | Bandwidth | Insertion Applicability and
Voltage Loss approximate cost
comparison
T-type coupling circuit for 120V 1.8-30 MHz -10dB Not applicable in
broad band PLC applications (Low Voltage SWER networks.
[87] PLC)
Coupling unit for narrow- 220V 9 kHz to 500 -6 dB Not applicable in
band power line (Low kHz SWER networks.
communication channel Voltage PLC)
measurements [95]
Dual impedance adopting 220-240V 50-500 kHz -7dB Not applicable in
power line communications (Low Voltage SWER networks.
coupler [68] PLC)
Impedance matching L- 220V (Low | 10kHz -210 -10dB Not applicable in
shaped passive components Voltage PLC) kHz SWER networks.
for narrow band PLC coupling
arrangement [88]
Transformer capacitive 220 V (Low 60 kHz to -10dB Not applicable in
coupling for narrowband Voltage PLC) 200 kHz SWER networks.
power line communication
applications [70]
Proposed: L-C Band pass PLC 50-150kHz | -2dBto | Specially proposed
Impedance Matching Applications -4 dB for the SWER
Coupling Circuit for High over Medium powerline and cost is
Voltage PLC Applications | Voltage 12.7 kV minimum among the
SWER existing HV coupling
powerlines arrangements
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Table 6: Comparison with the high voltage coupling arrangements

Type of Coupling Application | Bandwidth | Insertion SWER HV-CC Internal
Voltage Loss Applicabil Spec. Circuitry.
ity. Cost.

Capacitor voltage | 52 kV (MV 100 kHz - -9dB Yes. Not Not

divider coupling PLC) 115 kHz Higher. specified | considered
arrangement [93, 94]

MV to LV 19.1 kV 9-95 kHz -2dBto- | Yes. 6-12nF | Not
Transformer PLC (MV PLC) 5dB Higher. considered
Bypass Coupling (Simulate

Networks for a d only)

Low Cost Smart Grid
Rollout [73, 75]

Proposed: L-C PLC 50-150 kHz | -2 dBto - | Specially 1.1 nF/ | Circuit
Band pass Applications 4 dB proposed HV-CC | designed
Impedance over 12.7 kV for SWER considering

Matching Coupling SWER powerline. the internal
Circuit for HV PLC Cost circuitry of
Applications minimum the HV-CC

among the

existing

HV

coupling

arrangeme

nts

Furthermore, the bandwidth and insertion loss properties of the proposed circuit are still
superior to the works in [73, 75, 93, 94]. The proposed circuit offers the widest range with a
100 kHz bandwidth and its insertion loss is 5 dB better than the only other circuit
experimentally validated [93, 94]. Whilst the works in [73, 75] discuss network application,
there is no evidence that these coupling circuits were individually analyzed and

experimentally validated.

3.9 Conclusion

A 12.7 kV SWER network dedicated coupling circuit has been proposed in this chapter.
The key motivation behind this work has been the need to design a low cost, and high-
performance coupling circuit enabling PLC applications over rural SWER networks. The
chapter highlights that conventional LC-based coupling circuits are unviable for HV or MV
powerlines such as SWER networks. A key finding is that high inductance and capacitance
values are required for such LC-resonant based arrangements increasing the cost of

solutions. This work has also shown that theoretically modelled ideal component-based
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coupling circuits are not feasible for real word PLC implementation in SWER networks.
These would require very large CCs, which are difficult and expensive to procure making
such solutions commercially unviable. In this work, coupling to the 12.7 kV network was

achieved through a relatively low-cost 1nF HV-CC.

One key contribution in this chapter is the design of a LC band-pass coupling circuit using
a relatively low capacitance 1nF HV-CC. In designing, a revised electrical equivalent circuit
(inclusive of a capacitive divider) has been developed for the HV-CC in consideration of the
impacts of its internal protection circuitry on the terminal behavior. The internal HV-CC
protection circuity includes the surge arrester, freewheeling diode pair, drain coil, and few
capacitors all having an impact of the equivalent capacitance of the HV CC at high
frequencies. This in return enabled a more accurate design of the band-pass circuit by
applying the virtual resistor matching technique. The relatively low insertion loss achieved
from the final design when used in conjunction with the HV-CC is one evidence of the

superiority of this novel approach.

The built band-pass circuit, when experimentally validated with the HV-CC, produced an
insertion loss of around -3.5 dB to — 4 dB; a characteristic superior to any other comparative
design. This was around 2 dB higher than the simulation performance. Experimental
validation, low capacitance HV-CC specific design and consideration of the impacts of the
HV-CC protection circuitry on its terminal behavior are factors that set this work aside from
comparable work. The design offers the widest range with a 100 kHz bandwidth and its

insertion loss is 5 dB better than the only other circuit experimentally validated
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Chapter 4

Modelling of SWER Line at PLC Frequency

4.1 Introduction

SWER is one of the popular electricity distribution systems throughout the world. The
advantages feature such as low installation cost, remote electricity access easy up-gradation
facilities keep SWER network still strongly exist. A number of researchers are working on
various aspects of the SWER network but still the results are not convincing to use in large
scale commercial platforms. However, Australia is among one of the SWER dominated
regions where SWER line is being in use for more than 28000 km over the country [96, 97].
Rather than this SWER is in extension in Subsharian-Africa region because of low
installation cost and it will be increasing in the coming years because access to the electricity
in the underdeveloped countries is very low, for example, Somalia (19.1), South Sudan(4.5),

Mali(27.3), Kenya (36.4) Myanmar(52.7), Bangladesh(62.5) and India(79.2) [96, 98].

SWER could be a very good option for these countries to be used as a compatible and
low-cost electricity distribution medium. Consequently, it can also be predicted that the rural
areas of these countries might not have access to the internet. As SWER lines are being used
as the electricity distribution medium around the rural areas, hence, this could be one of the
potential options for PLC-based wired data communications. Similarly, PLC techniques can
also be used on an existing SWER line for other purposes as well, such as- fault detection

on SWER line, remote metering, online load monitoring etc.

To implement PLC system over the SWER network, impedance prediction of the SWER
conductor’s is a prerequisite. Exact impedance estimation of the line helps to select the
coupling arrangements, transformer systems and other communication devices for the
efficient PLC integration over the SWER distribution network. This chapter focuses on the
prediction of the impedance of various SWER conductors, attenuation analysis of the

conductors with frequency and other related aspects.
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4.2 Equations for High Frequency SWER Line Modelling

This section presents modelling details of the SWER overhead lines including the
impedance estimation of various SWER conductors. There few types of SWER conductors
are currently in use around the world but in Australia mainly the SCAC and SCGZ are the
popular choices. These conductors typically have three strands, with SCAC, each stand has
a diameter of 2.75 mm (SCAC 3/2.75). SCGZ has the 2.75 mm (SCGZ 3/2.75) and 2.06 mm
(SCGZ 3/12) options. SCGZ 3/12 is the imperial sized conductor with a diameter of 12
Gauge, around 2.06 mm. Among the SCGZ conductors, SCGZ 3/2.75 and SCGZ 3/12 type’s
conductors are widely used in the SWER networks, due to its lower cost. However, the
impedance of a SWER conductor associated with various resistance, capacitance, and
inductance properties altogether, which have been discussed sequentially with necessary

mathematical equations.

The resistance of a conductor increases with frequency due to the skin depth. The
resistance of a conductor made up of several strands with a steel core can be approximated
by Eq. (4.1) [37]. A correction was required for the DC resistance calculation presented
in(R). In(R), Eq. (4.1) was given with the skin depth (8) not being square, which is incorrect.
Even though the DC resistance formulae were incorrectly given in [37], the Microwave

Office modelling included the correct representation of the following formulae.

2 2
R = \/—RCdcxas +R%,4.  Q/km (4.1)

4% 82

Where,

Rcadc is the DC line resistance of the conductor strands (assuming all Aluminium or  all
steel) (€2/km)

Rwae is the actual DC resistance of the whole conductor in (€/km), as is the radius of

each strand in meters, and 0 is the skin depth in meters.

Eq. (4.2) gives the calculation for the DC line resistance of an n strand conductor [75].
For SCAC, Rcqc is calculated using the properties of Aluminium, whereas, for SCGZ, the

properties of steel are used.

74



Chapter 4: Modelling of SWER Line at PLC Frequency

Reqe = —— 4.2)

nxmxaz

Where
Rcadc is the DC resistance of the conductor strands in Q/m,
p is the resistivity of the conductor in ohm-meters,

a, is the radius of each strand in meters, and n is the number of conductors.

Eq. (4.3) gives the calculation for the skin depth [75].

2Xp
2XTIXEX Lo XUR

S = (4.3)

Where
0 is the skin depth in meters, p is the resistivity of the strand material in ohm. meters,
f is the frequency, po is the permeability constant = 4nx10-7=1.257x10-6

KR is the relative permeability of either Aluminium or Steel.

The radiation resistance (RR) of the SCAC and SCGZ conductors was approximated by
Kikkert as (1.35%10-16) xFreq (Hz) 2.77 /km. This approximation was used without any

alterations. The total segment resistance can be calculated from Eq. (4.4).

Rgeg = 0.001 X (R + Rg) = 0.001 x

4x82

2 2
\/ LIS + Riyge + (135X 10719) x

Freq (HZ)Z'”I Q/m (4.4)

In calculating the characteristic impedance, the line inductance and capacitance needs to

be calculated. The line inductance can be approximated from Egs. (4.5-4.6).

oX
L = % (4.5)
4><82+
4 D mH
L=—""Log (Z + Li) i (4.6)

Where

L is the inductance of the line and Li is the internal inductance,
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o is the permeability constant = 41x10-7=1.257%x10-6,

IR is the relative permeability of aluminium or steel,

a is the overall conductor radius in meters (i.e. not the radius of each strand),
K = 2 if the conductor is above the ground plane, § is the skin depth in meters,
D is the distance between the conductor and one carrying return path,

h is the height of the SWER line above ground.

D is given by the Carson’s Equation as in Eq. (4.7).
= —Ps
D=2x (h + /szxuo) 4.7)

D is the distance between the conductor and one carrying return path,

Where

h is the height of the SWER line above ground taken as 6.7 metres,
Ps is the soil resistivity taken as 30 Q.m,

f is the frequency,

o is the permeability constant = 4nx10-7=1.257x10-6

The line capacitance (line-to-neutral) can be calculated from Eq. (4.8). Eq. (4.8) differs
from that given in [75], as the equivalent formulae provided in [75] included a factor of 36
in the denominator, which is an oversight and only applicable when calculating the line-to-
line capacitance.

_ 2XKXEp
18><Loge(§)

uF /km (4.8)

Where
C is the capacitance of the line, K = 2 if the conductor is above the ground plane,
€r 1s the dielectric constant taken as 4.5 referring to [36],
D is the distance between the conductor and return path given by Carson’s equation,

a is the overall conductor radius in meters (i.e. not the radius of each strand).

The well-established equation of the characteristic impedance Zc is given by Eq. (4.9).

The characteristic impedance Z. and the propagation constant y are related to per-unit length
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parameters of the transmission line. For a lossless line, the characteristic impedance in ohms

can be approximated as in Eq. (4.9).

Z. = \E (4.9) (4.9)

Where
Z. is the characteristic impedance in Ohms,
L inductance (mH/m),

C is the capacitance (mF/m).

4.3 SCAC 3/2.75 Conductor

For the SCAC conductor, the Rcdc (DC line resistance of the 3/2.75 mm SCAC conductor)
can be calculated from Eq. (4.10) assuming that the strands are pure aluminium. The
conductor has three strands and each standard has a diameter of 2.75 mm. The resistivity of
aluminium has been taken as 2.82 x 10—8 Q.m. The skin depth (in terms of the frequency)
for the SCAC conductor can be calculated from Eq. (4.11). Fig 4.1 shows the variation of
the skip depth for the 3/2.75 mm SCAC conductor. As shown in Fig 4.1 the skin depth at
100 kHz frequency is 0.0002673 meters.

Skin Depth of the SCAC 3/2.75 Conductor
0.001
0.0008
E
= 0.0006
o
[5)
2 100 kHz
-z 0.0004 0.0002673
n
0.0002
0
10 100 1000 10000 100000
-4~ [Eqn(SkinDepth)| | Frequency (kHz)
SCAC 3 2 75

Fig 4.1: SCAC Conductor skip depth variation with frequency
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_ 2.82x10°8
nxmxas?  3xmx(1.375x107°)2

Rege = = 0.001583 Q/m = 1.583 Q/km  (4.10)

§ = \/ 2x2.82x 1078 Q.m (411)

2XTIXfX1.257X1076x1

The resistance (R) of the SCAC 3/2.75 conductor can then be approximated using Eq.
(4.12). The radiation resistance (RR) of the SCAC conductor was approximated by Kikkert
as (1.35x10-16) xFreq (Hz) 2.77 Q/km.

_22
R=\/1.5832x1.375><10 3 + 4.82 Q/km (4.12)

4x82

The overall section (per meter) resistance of the SCAC conductor can be calculated from

Eq. (4.13).
Reec(f) = 0.001 % (R + (1.35 X 10716) x Freq (Hz)277) Q/m  (4.13)

The characteristic impedance plot for any conductor can be computed using Eqs. (4.5-
4.9) and the DC resistance calculation using Eqs. (4.12-13). Table 7 shows the parameters
used in calculating the resistance and impedance of the 3/2.75 SCAC conductors. Fig 4.2
shows the characteristic impedance plot for the SCAC 3.2/75 mm conductor with respect to
the frequency variations. At 100 kHz, the characteristic impedance for SCAC/3/2.75
conductor is 256.6 Q and the DC resistance is 6.294 Q/km.

Table 7 : 3/2.75 mm SCAC Conductor Parameters

Feature Value
Resistivity of Aluminium 2.82 x 10-8 Q.m
Soil Resistivity 30 Q.m
Dielectric Constant (relative permittivity) 4.5
Relative Permeability of Aluminium (uR- 1 H/m
aluminium)
No of Strands 3
DC Resistance in Q/km (RWdc) 4.8 Q/km
SCAC Conductor Diameter in m 5.9 x10-3 m
SCAC Conductor Radius in m 2.95%10-3 m
Strand Diameter in m 2.75 x10-3 m
Strand Radius in m 1.375%10-3 m
Height of conductor above ground 6.7 meters

78



Chapter 4: Modelling of SWER Line at PLC Frequency

SCAC 3/2.75 Conductor Parameters
300
250
100 kHz
200 256.6 27 (Ohms)
SCAC_3.2_75
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Fig 4.2: SCAC 3/2.75 Conductor Characteristic Impedance and DC Resistance.

Fig 4.3 shows the DC, radiation, and total segment resistances of the SCAC 3/2.75 mm
conductor per segment (per km). As shown, the radiation resistance is dominant after 1000
kHz and rises at a corner frequency of 1000 kHz. The total segment resistance is the sum of
the radiation and DC resistances. The line DC resistance is dominant in the total segment

resistance for frequencies below 1000 kHz.

SCAC 3/2.75 Conductor Segment Resistance
200
-A- Radiation R (Ohms/km)
150 SCAC 3275
=} Total Segment Resistance (Ohms/km)
SCAC 3275
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, 100 L e O
=)
<
>
50
10 kHz 100 kHz
4.97 6.303
0 - R bl
-50
10 100 1000 10000 40000
Frequency (kHz)

Fig 4.3: SCAC 3/2.75 Conductor Radiation, Segment and DC Resistances.
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Fig 4.4 shows the S21 parameter (attenuation) characteristic and Fig 4.5 shows the S11

(reflection) characteristic of the developed SCAC 3/2.75 mm conductor based. The S21 and

S11 analysis were carried out for a segment length of 2 metres with a height of 6.7 meters

above the ground. The attenuation at 100 kHz was -0.01563 dB for the 50 Q terminated line

model.
SCAC 3/2.75 mm Conductor S21_Parameter Analysis
0
100 kHz
-0.01563 dB
m -5
=
c
S
IS
>
c
2
< -10
-15
10 100 1000 10000 40000
-A-DB(|S(2,1;
sc,(AlcE 37)2I)775 Frequency (kHz)
Fig 4.4: S21 Characteristic of the 2-meter SCAC 3/2.75 mm conductor.
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Fig 4.5: S11 Characteristic of the 2-meter SCAC 3/2.75 mm conductor
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Fig 4.6 shows the Sub-circuit segment model of the SCAC 3/2.75 conductor. Fig 4.7 show
the mathematical equations and values of all parameters associated with SWER line
modelling in the Microwave Office schematic window. In developing the segment model,
all the constants such as dielectric constant and relative permeability of aluminium are first
recorded after which frequency-dependent line resistance, radiation, and characteristic
impedance formulations are formed. These frequency-dependent forms variables of the
impedance and coaxial elements from the AWR library. As shown, the segment model is
formed by adding each half of the total segment resistance to each end of the AWR library

coaxial model. Ground resistance was assumed zero.

SUBCKT
NET="SCAC_3 2 75"
PORT Length:2
p=1 Conductor_Height=6.7
Z=50 Ohm
> 1 2 i
PORT
P=2
Z=50 Ohm

Fig 4.6: Microwave conductor model and sub-circuit

4.4 SCGZ 3/2.75 Conductor

Table 8 shows the parameters used in calculating the DC resistance, overall resistance,
and characteristic impedance of the SCGZ 3/2.75 mm conductor. Egs. (1-9) were used in
computing these with resistivity and relative permeability of steel used in place of those of
aluminium. Fig 4.8 shows the DC resistance and characteristic impedance calculations for
the SCGZ 3/2.75 mm conductor. At 100 kHz, characteristic impedance (Z) is 256.5 Q and
the DC resistance (R) is 85.32 Q/km. As shown, the resistance of the SCGZ 3/2.75 mm
conductor is much larger rising at a much lower corner frequency compared to the SCAC
conductor. The value of the calculated characteristic impedance (256.5 Q) differs from that
(270.26 Q) given in despite using Egs. (4.5-4.9) in all calculations as recommended in [75].
A characteristic impedance of 270.26 € is not achievable as long as soil resistivity is not
increased well beyond 100 Q.m. The total segment resistance of the SCGZ 3/2.75 mm
conductor is dominated by the DC resistance up to 1000 kHz and by the radiation resistance

from that point onwards.
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Mathematical equations and values of all parameters associated with modelling of the
SWER line/conductor segment model in the Microwave Office Platform

Constants
Soil resistivity Rhos =30 SCAC Specific
Dielectric constant Es=45 Conductor DC Resistance/km RWdc =4.8
Relative Permeability of Aluminium Mirr=1 Conductor Diameter Dial=5.9e-3
Length per section km Slen=0.001 Radius of the SCAC Conductor RadL =Dial/2.0
Pemeability Constant Mio =4*_PI*le-7 Strand Diameter in meters DiaC=2.75e-3
K =2 when the conductor above a ground plane K=2 Strand Radius in meters RadC =DiaC/2.0
Height of the conductor above ground h = Conductor_Height
Equations
Equivelent Auminium DC Resistance Calculation Angular frequency WE=2*_PI* FREQ
Resistivity of Aluminium Rho=2.82e-8 Skin Depth SkinDepth = sqrt((2*Rho)/(\WF*Mur<Muo))
Number of Strands n=3 Gound resistance in Km Zgndkm=1
Resistance/kmif all Al line RCdc =1000*Rho/(n*_PI*RadC*RadC)) Ground Resistance ZgndS = Zgndknt*Slen
Line Resistance Calculation
Line DC Resistance ohms/km RLineSeckm = (sqrt((RCdc*RCdc*RadC*RadC)/(4*SkinDepth*SkinDepth))+RWdc*RWdc))
Altemative Line DC Resistance Calculation ohms/km TotalDC_R = RCdc*(RadC/2*SkinDepth)
Line DC Resistance ohms/m RLineSec = (sqrt((RCdc*RCdc*RadC*RadC)/(4*SkinDepth*SkinDepth))+RWdc*RWidc))*Slen
Radiation Resistance ohms/km RR =1.35e-16*powm_FREQ2.77)
Radiation Resistance ohms/m Rr =1.35e-16*pow(_FREQ2.77)*Slen
Total Segment Resistance ohms/m RLS = Rr+RLineSec
Line Impedance Calculation
Distance between conductor and earth D = 2*(h+sqrt(Rhos/(WF*Muo)))
Intemal Impedance Constant gi = (RadL*RadL)/(4*SkinDepth*SkinDepth)
Intemal Inductance Li = (MurMuo)/(sart(qi+1))
Line Inductance in H per km L =(4/10*K)*log((D/RadL)+L.iy1000
Line Capacitance Constant Ci=18*og(D/RadL)
Line Capacitcane in Fperm C=((2*K*Ers)/(Ci)y1000000
Charcateristic Line Impedance in Chms per meter Z=sart(UO)
Altemative Line Impedance Calculation 22=120*log(D/RadL)/(K*sqt(Ers))
COAXI2
ID=CX2
z=Z
IMPED L=Length m IMPED
PCRT ID=z1 K=11 ID=22 PCRT
P=1 ReLength*RLS/2 Chm A=0.0833 ReLength*RLS/2 Ohm P=2
Z=50 Chm X=0Chm F=100000 kHz X=0Chm Z50Chm

D e I e R S I SR

Fig 4.7: SCAC 3/2.75 mm Conductor Segment Model (per meter).
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Table. 8: 3/2.75 mm SCGZ Conductor Parameters

Feature Value
Resistivity of steel 1.74x 107" Q.m
Soil resistivity 30 Qm
Dielectric constant (relative permittivity) 4.5
Relative permeability of steel (Ur-aiuminium) 70 H/m
No of Strands 3
DC Resistance in Q/km (Rwdc) 11 Q/km
SCGZ Conductor Diameter in m 5.93 x10°m
SCGZ Conductor Radius in m 2.965x10°m
Strand Diameter inm 2.75 x10°m
Strand Radius inm 1.375%10°m
Height of conductor above ground 6.7 meters
SCGZ 3/2.75 Conductor Parameters
800 4 DC Resistance (Ohns/km)
S0GZ 32 75
=z (ohns)
S0GZ 3.2 75
< Radiation Resistance (Ohms/km)
S0GZ 32 75
600 - Total Segment Resistance (Ohms/km)
S0GZ 3.2 75
° 100 kHz
S 85.32 100 kH
< 400 2565
>
200
O A N\
10 100 1000 10000 100000
Frequency (kHz)

Fig 4.8: SCGZ 3/2.75 Conductor Characteristic Impedance and DC Resistance.

Fig 4.9 and Fig 4.10 shows the attenuation and reflection analysis of the SCGZ 3/2.75

conductor. As shown, the 100-kHz attenuation is -0.02931 dB for the 50 Q terminated line

model. As expected, the attenuation is higher compared to the SCAC line model due to the
higher DC resistance of the SCGZ 3/2.75 conductor.
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SCGZ 3/2.75 Conductor S21_Parameter Analysis
0 F = = =
100 kHz
-0.02931 dB
m -5
=
c
i)
©
>
<
o
< -10
S DB(SE1))
SCGZ 3 2 75
-15
10 100 1000 10000 40000
Frequency (kHz)
Fig 4.9: S21 Characteristic of the SCGZ 3/2.75 Conductor
SCGZ 3/2.75 Conductor S11_Parameter Analysis
0
150 kHz
-20 -35.66 dB
o
)
c
2 40 100 kHz
S -38.96 dB
5
x
-60
-A- DB(IS(1,1)])
SCGZ 32 75
-80
10 100 1000 10000 40000

Frequency (kHz)

Fig 4.10: S11 Characteristic of the SCGZ 3/2.75 Conductor.
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4.5 SCGZ 3/12 Conductor (Imperial Measurement; 12 gauge)

Table 9 shows the parameters in calculating the DC resistance, overall resistance, and

characteristic impedance of the SCGZ 3/12 conductor. The strand diameter is 12 Gauge (2.06

mm). The DC resistance (RWdc) of the SCGZ 3/12 conductor is also higher and is given as

11.93 Q/km. SCGZ 3/12 is also commonly referred to as the 3/2.06 mm conductor in this

report. Fig 4.11 shows the DC resistance and characteristic impedance (Z) variation of the
SCGZ 3/12 conductor with frequency. At 100 kHz, Z is 260.8 € and the DC resistance is
113.6 Q/km. As shown, the resistance (113.6 Q/km) of the SCGZ 3/12 conductor is larger
than that of the SCGZ 3/2.75 conductor (85.32 Q/km). The radiation resistance and total

segment resistance of the conductor are also shown Fig 4.11.

Table 9: 3/12 SCGZ Conductor Parameters (Height = 6.7 metres above ground)

Frequency (kHz)

Feature Value Feature Value
Resistivity of steel 1.74x 107 Q.m Dielectric constant 4.5
Soil resistivity 30 Q.m Relative permeability of steel 70 H/m
No of Strands 3 DC Resistance in Q/km (Rwac) | 11.93 Q/km
SCGZ Conductor 5.1x10%m SCGZ Conductor Radius inm | 2.55x103m
Diameter in m
Strand Diameter 2.06 x10°*m (12 Gauge) Strand Radius inm 1.03x10°3m
SCGZ 3/12 Conductor Parameters
1500
A« Z(Ohnrs)
SOGZ 3 2 06
{=} DCResistance (Ohrrs/kim)
SOGZ 3 2 06
Total Segment Resistance (Chns/kim)
SOGZ 3 2 06
1000 | | =grpigpeeen
S 100 kHz
© 113.
g 3.6
500
A A
0
.01 1 100 10000 1le+06

Fig 4.11: SCGZ 3/12 Conductor Characteristic Impedance and DC Resistance.
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Fig. 4.12 shows the gain analysis of the 2-metre SCGZ 3/2.06 conductor with 6.7 metres
in height. The attenuation at 100 kHz was -0.034 dB for the 50 Q terminated line model. As
expected, the attenuation is higher compared to the SCGZ 3/2.75 model due to the higher
DC resistance of the SCGZ 3/2.06 conductor. Regulations allow utilities to go down to about
5.7 metres for the height of the conductor above ground. Fig 4.13 shows the attenuation
analysis of the 2 metre SCGZ 3/12 conductor of 5.7 metres in height. The attenuation at 100
kHz is slightly lower than the 6.7-metre case.

SCGZ 3/12 Conductor S21_Parameter Analysis
0
100 kHz
-0.03444 dB
m -5
=
<
S
S -£-DB(S@2,1) |
c SCGZ 3.2 06
i3]
< -10
-15
10 100 1000 10000 40000
Frequency (kHz)

Fig 4.12: SCGZ 3/12 conductor attenuation analysis (2 meter; height = 6.7 meters)

SCGZ 3/12 Conductor S21_Parameter Analysis
0
100 kHz
-0.03431 dB
m -5
=
c
S
S -4-DB(S(21))
c SCGZ 3 2 06
Q
< -10
-15
10 100 1000 10000 40000
Frequency (kHz)

Fig 4.13: SCGZ 3/12 conductor attenuation analysis (2 meter; height = 5.7 meters)
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4.6 Attenuation Analysis Comparison (2-metre lines; 502 termination)

Fig 4.15 shows the S21 parameter analysis comparison of the three conductor types for
the 50-1000 kHz range with the 2-metre conductors terminated with 50 Q ports as shown in

Fig 4.14. As shown in Fig 4.15, there is no significant difference between the attenuation

characteristics of the conductors.

SUBCKT SUBCKT
PORT NET="SCAC 3_2 75" PORT NET="SCGZ_3 2 75"
P=1 Length=2 P=3 Length=2
Z=50 Ohm Z=50 Ohm
; 1 2 i ; 1 2 i
PORT PORT
P=2 P=4
Z=50 Ohm Z=50 Ohm
SUBCKT
PORT NET="SCGZ_3 2 06"
P=5 Length=2
Z=50 Chm
E 2 ]
PORT
P=6
Z=50 Chm

Fig 4.14: Attenuation Analysis Schematic.

The 50-Q port termination was chosen to match the port impedance setting of the Vector
Network Analyser (VNA) and the standard output impedance of most RF equipment. SCAC
conductor has the minimum attenuation loss and SCGZ 3/12 conductor has the poorest
attenuation (S21) characteristic. When the conductor lengths are increased, significant

attenuation is observed, as the Sub circuits are not matched.

S21_Parameter_Analysis 50 Ohm Termination
0
100 kHz
-0.01563 dB
-0.05
)
o
5 100 kHz
2 -0.1 -A-DB(|S(2,1)]) -0.03444 dB
g SCAC 3/2.75
<
g -5-DB(|S(4,3)])
< SCGZ 3/2.75
-0.15 - DB(|S(6,5)|)
SCGZ 3/2.06
-0.2
. > 1000
Frequency (kH2)

Fig 4.15: Attenuation Analysis Comparison of the 2-meter SCAC 3/2.75 conductor.
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4.7 Attenuation Analysis Comparison (2-metre lines; 260() termination)

Fig 4.17 shows the S21 parameter (gain) analysis comparison of the three conductor types
for the 50-1000 kHz range with the 50-metre conductors terminated with 260 € ports as
shown in Fig 4.16. The 260-Q port termination was chosen to match the characteristic
impedance of the lines. As shown in Fig 4.16, the attenuation of the SCAC conductor is the
minimum with -0.137 dB loss at 100 kHz. The SCGZ 3/12 conductor has the poorest
attenuation (S21) characteristic with an attenuation of -0.2261 dB at 100 kHz. No significant

attenuation difference is observed when the height (above ground) is changed to 5.7 metres.

SUBCKT SUBCKT
NET="SCAC_3_2_75" NET="SCGZ_3_2_75"
PORT Length=50 PORT Length=50
P=1 Conductor_Height=6.7 P=3 Conductor_Height=6.7
Z=260 Ohm Z=260 Ohm
PORT PORT
p=2 P=4
Z=260 Ohm Z=260 Ohm
SUBCKT
NET="SCGZ_3_2_06"
PORT Length=50
P=5 Conductor_Height=6.7

Z=260 Ohm
: 1 2 i
PORT

P=6
7=260 Ohm

Fig 4.16: 50-metre Conductor Sub circuits Terminated by 260-Q2 Termination Ports.

S_Parameter_Analysis 260 Ohm Termination
0
-£-DB(1S(2,1)])
-0.03 SCAC 3/2.75
100 kHz ~-DB(IS(4,3)])
-0.08 -0.137 dB SCGZ 3/2.75
o %~ DB(|S(6,5)))
S -0.13 100 kHz SCGZ 3/2.06
c -0.2027 dB
i)
S 018
g
<
-0.23
-0.28 100 kHz
-0.2261 dB
-0.33
50 100 1000
Frequency (kHz)

Fig 4.17: Attenuation analysis Comparison of the 50-metre Conductors.
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4.8 Length Based Attenuation Analysis

Fig 4.18, Fig 4.19 and Fig 4.20 show the attenuation analysis of the SCAC 3/2.75, SCGZ
3/2.75 and SCGZ 3/12 conductors for different segment lengths. Same system configuration
shown in Fig 4.16, with a change of distance and conductor type have been used to get the

value of attenuation vs frequency with a specific conductor length.

SCAC 3/2.75 mm Conductor S21_Parameter Analysis
(0]
—r T T
-10
)
~ -20
c
8
T
=
g -30
3 —DB(|S(2.1)])
100 m
-40 || bBs@)
m
— DB(IS(6,5))
10000 m
-50
40 100 160
Frequency (kHz)

Fig 4.18: Distance-Based Attenuation Analysis of the SCAC 3/2.75 Conductor.

SCGZ 3/2.75 Conductor S21_Parameter Analysis
0 =
-10
g
— -20
c
e
<
2
g 30 A DB(S(2,1)))
< 100m ,
++ DB(IS(4.3)))
-40 1000m
-~ DB(IS(6,5))
10000m
-50
40 100 160
Frequency (kHz)

Fig 4.19: Distance-Based Attenuation Analysis of the SCGZ 3/2.75 Conductor.
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SCGZ 3/12 Conductor S21_Parameter Analysis
0 =
-10
g
— -20
<
R
<
2
o -30
=2 -A-DB(IS(2,1)))
100m
£+ DB(IS(4.3)D
-40 1000m
-©-DB(IS(6.5))
10000m
-50
40 100 160
Frequency (kHz)

Fig 4.20: Distance-Based Attenuation Analysis of the SCGZ 3/12 Conductor.

Table 10, Table 11 and Table 12 tabulate the attenuation characteristics of all the conductors

at different frequencies and for various segment lengths including 100 m, 1 km, and 10 km.

Table 10 : SCAC 2/2.75 Conductor Attenuation for Different Segment Lengths.

Frequency (kHz) Length (m) Attenuation (dB)
50 100 -0.19571
1000 -1.9512
10000 -19.489
100 100 -0.27302
1000 -2.7071
10000 -27.276

Table 11 : SCGZ 2/2.75 Conductor Attenuation for Different Segment Lengths.

Frequency (kHz) Length (m) Attenuation (dB)

50 100 -0.2873

1,000 -2.856

10,000 -26.62

75 100 -0.3511

1,000 -3.504

10,000 -32.18

100 100 -0.405

1,000 -4.023

10,000 -36.8
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125 100 -0.4528
1,000 -4.455
10,000 -40.83
1 A
150 100 -0.4961
1,000 -4.864
10,000 -44.43

Table 12 :SCGZ 3/12 Conductor Attenuation for Different Segment Lengths

Frequency (kHz) Length (m) Attenuation (dB)
50 100 -0.3201
1,000 -3.161
10,000 -28.55
75 100 -0.3912
1,000 -3.879
10,000 -34.35
100 100 -0.4512
1,000 -4.45
10,000 -39.15
150 100 -0.552
1,000 -5.353
10,000 -47.03

4.9 Mathematical Relation Development for Length vs Attenuation

In this section, an intensive simulation has been carried out using the SCAC conductor
to establish a relation between length vs path loss of a SWER conductor. Measured
attenuation values at ten different frequency components, for three different segment lengths,

has been set out in the Table 12.

Table 13 shows the attenuation characteristics for six different segment length (100 m,
200 m, 500 m, 1000 m, 5000 m, 10,000 m) for three different carrier frequencies including
the 50 kHz, 100 kHz and 150 kHz.
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Table 13: SCAC 3/2.75 Conductor attenuation for ten different frequency components

Frequency Variations in kHz
Lengths |  soato| eose| o708l muosd  wrom|  aoo| uoees] wo0d| asnes] 1arod] 11
Attenuation Variations in dB
om | 010 o2 o2 oo  ooe] 027 0omse]  0oos 03] oz 0au
wooom | o] 2ms] s ser] 26w 2z omse| o] swed s s
IR R

Table 14 : SCAC 3/2.75 Conductor attenuation for six different lengths segment at 50
kHz, 100 kHz and 150 kHz frequency components.

Frequenc Length | Attenuation | Frequenc Attenuation
(I?Hz) / (mg) (dB) (I?Hz) Y| Length (m) (dB)
100 -0.19571 100 -0.27302
200 -0.39032 200 -0.54624
500 -0.97571 500 -1.3661
50 1000 -1.9512 100 1000 27071
5000 -9.7502 5000 -13.645
10000 -19.489 10000 -27.276
100 -0.33489
200 -0.67051
500 -1.6755
150 1000 -3.3475
5000 -16.725
10000 -33.431

For establishing a mathematical relation, two graphs have been plotted as in Fig 4.21 and

Fig 4.22 making use of the data available in Tables 13 and Table 14, these include:

e Frequency vs attenuation graph with constant conductor length, and

e Length vs attenuation at constant carrier frequencies

The trend-line in Microsoft Excel platform has been used to determine the approximate
mathematical relations. Fig 4.21 shows the frequency vs attenuation curves for the SCAC
conductor at three different lengths including 100 m, 1,000 m (1 km) and 10,000 m (10 km).

As shown, the impact of conductor length is critical and the increase in attenuation at

higher frequencies is more severe when the conductor length is longer. This potentially
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shows that in large networks where the direct distance between the transmitter and receiver
is very long, lower carrier frequencies should perhaps be favoured.

Using the trend line tool from the Microsoft Excel, it has been identified that the length
vs attenuation curves of a SWER conductor share a linear mathematical relation at any
specific length. The properties of the equation change linearly with the multiplier of the
length. With an increase in length, the slopes of the attenuation change get steeper. The value
of the correlation coefficient (R?>=0.99) also reveals the same fact that for all the cases, the

change of attenuation is nearly 100% dependent on the change of frequency.

The coefficient of determination, R-squared (or R?) is a measure of the relationship
between two data sets used in a mathematical model. It represents the proportion of

fluctuation in the reliant variable that can be anticipated from the free factor in the model.

Frequency Dependent Length ss Attenuation (at Constant

Length)
-35
---- "4/#
-30
225 y=-1.4x-18.773

R2=10.9943

Attenuation in dB
o

-10
y =~ -0.14x - 1.8794
5 1 km R® = 0.9944
(I . - - - - . . . . .
100 m ¥ =-0.0143x - 0.1855
5 R* = 0.9955

50.119 60.256 70.795 81.283 91201 100 109.65 120.23 131.83 141.25 151.36
Frequency in kHz
Fig 4.21: Analysis of relation between frequency and attenuation (SCAC 3/2.75).

The mathematical relation between the attenuation and conductor length can be
represented more specifically using the following derivation. As in the Fig 4.21, the equation

for 100 m SCAC 3/2.75 can be written as:
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Yiopom = —ax —c¢ (4.14)
Where, a= ~0.014 and c=~0.18
Similarly, the equation for a 10100 m =1000 m (1 km) will be
Yiem=—(10Xa)x —10 X ¢ (4.15)
Finally, the equation for a 10x10x100 m=10000 m (10 km) will be
Yiorm = —(10 X 10 X a)x — (10 X 10) X ¢ (4.16)

All of the above Egs. (4.14-4.16) have two constants a and ¢. Most interestingly, both
constants share the nearly same value for a specific conductor. For example, for the case of
the SCAC conductor, the value of a is approximately (0.014) and c is approximately (~ 0.18).
This analysis also shows that the other conductors are expected to follow the similar
mathematical trends with length-based frequency-dependent attenuation. This finding can
be used as a benchmark in future extension or up-gradation of a SWER network. In the
following section, a similar analysis has been carried out to establish the relation between
length vs attenuation at a constant frequency.

Fig. 4.22 shows the analysis carried out for establishing the relation between length vs
attenuation at constant frequencies. From the analysis of Fig 4.22, it can be observed that the
attenuation vs length curve at a constant frequency shares a linear mathematical relation.
Attenuation increases with the increase of the frequency. Please note that the negative sign
indicates a loss (attenuation) with the magnitude of the loss giving the dB difference. Similar
to the curve of Fig 4.21, the value of the correlation coefficient (R?=1) in Fig 4.22, also

shows that at a constant frequency, attenuation is 100% dependent on the change of length.
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Attenuation Vs length (Frequency Constant)

-40

150 kHz
-35
R:=1.9
-30 100 kHz
2 e
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= -20 »
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-
-10
-5
0 6000 10000 12000

Distance in m

Fig 4.22: Attenuation vs Length with constant frequency.

4.10 ACSR/GZ Conductor

The 22 kV OH line is the ACSR/GZ 6/1/2.50 mm (Almond) conductor. ACSR/GZ is a
composite conductor with a single stranded galvanised steel core surrounded by layers of
stranded aluminium wires. These are economical conductors for high-tension overhead lines
combining the lightweight and good conductivity of aluminium and high tensile strength of
steel. The Myers Road network has the 6/1 stranding pattern shown in Appendix C and GMR
calculation data sheet is shown in Appendix D. The overall diameter of the conductor is 7.5
mm and its radius (R¢) is 3.75 mm. The ‘SWER Distribution Manual’ [99] by the now
obsolete State Electricity Commission of Victoria shows the typical configuration of a

SWER isolation transformer as in fig $.23

As shown in Fig 4.23, the ACSR/GZ 6/1/2.50 mm (Almond) conductor forms a two-wire
single-phase line at the Active and Neutral terminals of the SWER ISO Transformer. In
calculating the inductance and capacitance of the two-wire single-phase line, the

formulations given in [100] have been used.
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Fig 4.23: SWER lIsolation Transformer and Overhead Connections.

As per [101], for a two-wire single-phase line with solid cylindrical conductors A and B
with the same radius and same length separated by a distance D, the total inductance per unit
length is given by (4.17). The Geometric Mean Radius (GMR) is given by (4.20) as per the
coefficients (refer to Appendix D for the set of coefficients) given in [100] and AS 3851.

=togn (2) = I (2 ) =4 x 107 xIn (-2) & @.19)

Ll—phase—system - ; GMR p GMR
GMR = 0.8255 x R, = 0.8255 x 0.00375 = 0.0031 (4.18)

The total inductance per unit length of the ACSR/GZ 6/1/2.50 mm (Almond) conductor

can then be calculated from Eq. (4.19) as 2.45 micro Henry per meter.

Liophase = 4 X 1077 x In (5500 ) 14077 X In(454.2) = 2.447 X 10" H/m (4.19)

According to [101], for a two-wire single-phase line with solid cylindrical conductors A

and B with the same radius and same length separated by a distance D, the total capacitance
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between conductors (CAB) per unit length is given by (4.20). The capacitance from either

line to ground (CAG) is twice the capacitance between the lines as given in (4.21).

1079 1079

_ TX& _ TX5ew 36
=@ T WG T (420
107°
Cag =2 X =5 F/m (4.21)

(0

The actual capacitance values (CAB and CAG) for the two-wire ACSR/GZ 6/1/2.50 mm
(Almond) single-phase system can be calculated as in (4.22-4.22).

Tt .
_ 36 _ 36 _ -12 F
Ci = iy = Tgres = H67 X107, (422)

Cac =2 X Cap = 9.34 x 10712F/m  (20) (4.23)

The characteristic impedance of the two-wire ACSR/GZ 6/1/2.50 mm single-phase

system can be calculated from (4.24) using the capacitance between conductors.

7. = \ﬁ = /M =/0.524 x 10+6 = 723.87 Q (4.24)
C 4.67X10

The characteristic impedance of the two-wire ACSR/GZ 6/1/2.50 mm single-phase

system can be calculated as in (4.25) using the capacitance from either line to ground.

Z. = \F = |00 - V0262 x 1076 = 5120 (4.25)
C 9.34 x10~12

The characteristic impedance calculated in (4.25) using the capacitance between
conductors will be used in this study as the ACSR/GZ 6/1/2.50 mm (Almond) conductor
forms a two-wire single-phase line at the Active and Neutral terminals of the SWER ISO

Transformer with the capacitance between the conductors.
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4,11 Experimental Test set-up SWER conductor

To validate the performance of the conductor model, an experimental s-parameter test has
been conducted on a 2-meter SCGZ 3/2.75 SWER segment. The schematic arrangements

and experimental setup have been shown in Fig 4.24 (a) and (b).

Red Clip Red Clip
—( 2 meter SCGZ 3/2.75 )—

Grounded
Black Clip Black Clip
Coaxial with Coaxial with
Alligator Alligator PC
Clips Clips
VNA output port Ch2
50 Ohm 50 Ohm

VNA VNA USB port

Fig 4.24 (a): Schematic arrangement of the SWER conductor’s s-parameter extractions.

Experimental set-up of the S-parameter extraction of the SWER conductor:

Fig 4.24 (b): Experimental set-up of the SWER conductor’s s-parameter extractions
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Comparative s-parameter graphs of the SWER conductor have been shown in Fig 4.25

SCGZ 3/2.75 Con_ S21_Comparison_Model Vs Actual

0 F =
150 kHz
50 K& 1| -0.0305dB
-0.03652 dB

50 kHz ‘
| -0.02041 dB

50 kHz

-0.02079 dB

Attenuation (dB)

-10

4-DB(SE2,1))
SCGZ 3275

£ DB(SE1))
Actual Conductor

-15

10 100 1000

Frequency (kHz)

10000 40000

Fig 4.25: Comparative S-parameter graphs of the modeled and actual SWER conductor

The comparison shows a good agreement between the S parameters of experimental and
modelled SWER conductor. Difference between the attenuation at the designated frequency
band of 50 kHz to 150 kHz is marginal. For example, the attenuation of modeled SWER
conductor at 100 kHz is -0.024 dB and the actual SWER conductor is -0.029 dB. In Table

15, attenuation differences have been summarized with respect to the frequency component.

Table 15: Variation in attenuation of an experimental and modelled SWER conductor

Frequency Band S21 or Attenuation | S21 or Attenuation Difference of
of Modelled SWER | of Actual SWER Attenuation (dB)
conductor (dB) conductor (dB)
50 -0.020 -0.020 ~0
100 -0.024 -0.029 0.005
150 -0.030 -0.036 0.006

Similar results have been obtained for the other SWER conductor’s like SCGZ 3/2.06 and
SCAC 3/2.75 as well. Hence, this comparative analysis intensifies the feasibility of the

aforementioned SWER conductor’s modelling method for PLC applications.
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4.12 Conclusion

This chapter discussed SWER line modelling considering various aspects such as the
conductor size, conductor type, soil properties, and pole height. Three different conductor
types have been investigated. Generic mathematical equations related to the modelling of
the SWER lines have been introduced. These include those associated with the calculation
of the inductance, capacitance and impedance of the SWER conductor. As the fundamental
modelling technique, one unit length of the SWER conductor has first been mathematically
modelled as a building block, and then used to demonstrate the performance of the three
different types of SWER conductors with different segment lengths. In Chapter 6, the
developed SWER line segment model is used as a key building block to build a large 10.2
km end-to-end SWER distribution network. All major frequency dependent characteristics
of the SWER conductors such as the skin depth, capacitance, inductance, impedance, and
attenuation have been assessed and graphically demonstrated. Beyond this analysis, focus
has also been given to derive mathematical correlation relationship for two specific cases
including (i) the relation between the conductor length and attenuation at a constant
frequency (i1) the relation between attenuation and frequency for constant conductor length.
This chapter has also highlighted the construction and mathematical modelling of the 22 kV
ACSR overhead conductor as an integral element of the SWER network. This approach of

line modelling can be used to model other power networks for PLC applications.
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Chapter 5

SWER Transformer High Frequency Modelling

5.1 Introduction

Application of powerline communication systems over remote electricity networks such
as Single Wire Earth Return (SWER) networks has tremendous appeal. Many countries such
as Australia, New Zealand, South Africa, Brazil, and India supply power to many of their
remote communities through SWER power lines. Many remote areas are often out of mobile
coverage. Power line based internet services could as well be a potential solution for access
to broadband internet services. PLC systems could be potentially used for smart metering in
these areas. Beyond the traditional communication or metering services, the PLC technique
can also be applied to protect the electrical transmission or distribution lines as discussed in
Chapter 1. Application of the PLC technology within electricity distribution networks
requires an understanding of the electrical behaviour of the network elements at high
frequencies including that of the SWER and isolation transformers. Without knowledge of
the narrowband nature of the network elements, the application of PLC system over a power
network could be very challenging and unpromising.

There are several network elements that are existence in power networks such as the
conductors, feeders, boosters, insulators, surge arresters, and transformers. Among the
elements, the transformer plays the most important role in PLC signal transmission. A key
reason is the fact that PLC signals can potentially be injected through a SWER transformer.
Transformer loading can also influence signal strengths on the network, and therefore must
be investigated. Especially, the impact of the Low Voltage (LV) side loading on the

reflections from the transformers is a key area of concern.

For this reason, characterisation of transformers at high frequencies gets special attention
from researchers. For example, Kikkert et al. [34, 35, 74] presented various approaches to
model SWER and Power Transformers at high frequencies. Abu-Siada et al. [102] also
proposed a prominent High-Frequency (HF) transformer model that was used extensively in
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transformer winding fault analysis by investigating the high-frequency response. Besides,
Zhao et al.[103] worked on finding various winding deformation faults of the transformer
using a frequency response approach. All the above applications require an accurate high-
frequency transformer model. However, the existing transformer models cannot fully
explain the behaviour of the transformer accurately. Jurisic et. al. [104] summarised some
of the key challenges in developing a HF transformer model. To match the simulated models
to the real-time transformer performance, most researchers [105-107] introduced various
error adjustment equations in the modelling of transformers. This complicates the use of

their techniques for all kinds of transformers.

One of the key parameters for modelling the HF response of a transformer is the
measurement of the transformer winding impedances, which are not sufficient for accurate
modelling because most of the transformers have similar impedance characteristics at high
frequencies [108, 109]. Considering the aforementioned constraints of the previous HF
transformer models, this work focuses on utilizing the experimental s-parameter data to
model the HF transformer. Modelling of the SWER distribution and isolation transformers,
using the touchstone s-parameter measurement method, has been descried in this chapter.
Those models will be later incorporated as sub-circuits into the overall SWER system
communication channel model described in the preceding chapter. This method of modelling

has not previously been reported elsewhere and is a novel aspect of this work.

This chapter discusses the shortcomings and flaws of conventional high-frequency
transformer modelling techniques with technical highlights. Novel hardware in the loop s-
parameter based transformer modelling technique is then proposed as a simple and accurate
means of modelling a transformer in HF applications. This approach was applied to the HF
modelling of a 25-kVA SWER transformer and a 100-kVA isolation transformer with
different loading conditions. This was achieved by recording the S11 and S21 data using a
PC-Based Vector Network Analyser (Bode 100) for both the Medium Voltage (MV) to Low
Voltage (LV) path and then for the LV to MV path. A system-level analysis of PLC
propagation test over the transformer windings was also undertaken with various load
conditions. In Chapter 6, the developed models will be integrated into a system-level overall
network model and results compared with those measured on the real network test. The
developed SWER transformer models will be used in Section 6 for the fine-detailed segment-
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by-segment modelling of an exemplary SWER overhead network including spurs with short
segment line lengths as short as 22 m.

5.2 Contemporary Research on High-Frequency Transformer

All previous works related to high frequency transformer modelling are based on high-
frequency winding impedance measurements and software based evaluation. None of them
considered the s-parameter based modelling of transformers acquired by Touchstone file
measurements. The conventional modelling approaches can be classified into three different

types such as the black-box, white-box, and gray-box models.

Black-box models are linear time-invariant multiple network models. With this kind of
modelling technique, the network impedances are excited with individual voltage sources at
different terminals, which produces a current response for each terminal. Relating the
voltage and current of all the ports through an admittance matrix, the value of the transformer
winding is calculated. Eq. (5.1) was given in [109, 110] to express the voltage current

relationship of an N-port high-frequency transformer model.

11 Y11 YlN V1
D= N (5.1)
IN YNl YNN VN
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LR —— 1 -
L L
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«— — 1 — T —
X S

|||—
—

L

Fig 5.1: Circuit diagram of the black-box model of transformer [111]
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Eq. (5.1) relates an N-terminal transformer’s voltage-current relation with the admittance
matrix, Y. The basic of the black-box model is the measurement of the admittance matrix,
which can be calculated, using the voltage and current relation of a transformer. The black
box model does not care about the lumped element of the transformer’s winding. The black-

box impedance model for the transformer is shown as Fig 5.1.

The white box modelling is associated with the geometric configuration of the
transformer. This technique considers the entire active parts of the transformer such as the
transformer core, windings, stray electric field, and magnetic field. The HF parasitic and
ground capacitances are also considered in this modelling procedure. Abu-Siada et al.[102]
developed a well-established transformer model based on the white-box modelling

technique, as shown in Fig 5.2.
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Fig 5.3: A simple Gray-box high-frequency transformer model [112]
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Gray-box modelling refers to the simplified lumped element-based modelling. This
technique can represent the transformer characteristics at low frequencies. At high
frequencies, the winding structure and inter-winding coupling create a parasitic capacitance
in the transformer and the gray-box model cannot represent such parasitic capacitance
responses. However, gray-box modelling can predict approximately the accurate admittance
matrix applicable in few applications such as, power transformer winding modelling,
transformer transient studies [112, 113] etc. Fig 5.3 shows a simple single-phase high-

frequency gray-box transformer model.

Due to these shortcomings, a number of modern researchers are following the gray box
model, but they incorporate their own contributions to modify the model accurately for
extended applications. For example, Kikkert [35] has developed a pioneering model of a
SWER transformer, which is given below in Fig 5.4. In the model, to represent the magnetic
coupling, internal resonance and matching of the winding impedances with the measured
value, Kikkert introduced the following components: RL1, RL2, R12, L1, L2, L3, C1, C2

and C12 with the transformer internal circuit configurations.

Impe. Measurement

Port=2
Diff
HVa Port=3
R Cu Ri R
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]
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I>— Diff [ o § Transformer
| 4 L Lin ~
i3
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Com °
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Fig. 5.4: Modified gray-box transformer or Kikkert model [35]

Likewise the Kikkert model, most other models [110, 114-116] also require a large

number of unknown R, L, C components to represent various resistive, magnetic and
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parasitic components of transformer windings at high frequencies. The values used for those
components are experimentally measured and optimized with various mathematical
procedures using different software tools such as the Microwave Office, ATP, and

MATLAB.

The well-known experimental set up for the impedance measurement has been shown in
Fig 5.5. The measurement procedure is based on the basic voltage divider principle. Signals
in the PLC frequency range is generated from the signal generator. An oscilloscope is used
to display the input and output voltage waveforms. By analysing the recorded input and
output voltage waveforms and adjusting the value of the precision resistor, the unknown
impedance can be predicted. After comparing the measured and modelled impedance values,

the error between these need to be optimized, which is analytically computed.

To Chanel B
Oscilloscope/
Display Device

AAYAY |

PLC Signal Switched Precision To Chanel A
Generator Resistor/ Variable Oscilloscope/
Known impedance

Display Device

Impedance to be
measured

|||—

Fig 5.5: Experimental set-up for transformer port impedance measurements [35]

Kikkert [35, 74] developed some equations for the transformer model presented in Fig.
5.4. The equations associated with the optimization of magnitude and phase of the
impedance of Port-1 are given below. Similar to Egs. (5.2) and (5.3), the transformer model
of Fig. 5.4 requires error optimization equations for each pair of the transformer ports. The

simulated impedance versus frequency characteristic of the transformer model is shown in

Fig 5.6 and 5.7.

MeP1Z1;M-MoP1Z1,M (5 2)

(Magnltude) Eplzll M= MeP1Z11M—MgP1Z11M+30
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(Phase) EP,Z,; P = M P,Z;,P — MyP,Z,,P (5.3)
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Fig 5.6: Primary side impedance of the SWER transformer (Kikkert’s Model [35])

Other researchers determined similar impedance characteristics for high frequency
transformer models [65, 117, 118]. All these models require complex mathematical models
and sophisticated repetitive experimental procedures for the justification. The shortcomings

of these contemporary models can be summarized as follows:

e To justify transformer model, many R, L, C components have been used, but there is
no definite procedure to identify these components to integrate them. This makes the
technique confusing to be justified as a global or unique model.

e Tomeasure impedance values, this method requires a sophisticated experimental setup
and repetitive measurements to be carried out for each of the port combinations and

frequency components.
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e The need for complex mathematical equations for each port to minimize the error
between modelled and measured values.

e Software based optimization of many R, L and C components is required to finalize

the model.
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Fig 5.7: Secondary side impedance of the SWER transformer (Kikkert’s Model [35])

5.3 Details of SWER Distribution and Isolations Transformers

To demonstrate the performance of the method, real-time ETEL SWER isolation and
distribution transformers have been used in this study. These transformers are currently in
use in a rural Victorian SWER network. However, internal port combination configuration
and circuitry of transformer could be different which could be found from company specified
data sheet. Fig 5.8 shows the theoretical network configuration of SWER isolation and
distribution transformer, studied in this work. The specifications of the transformers are

given in Table 16.
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Conceptual configuration of SWER isolation and SWER distribution transformer:

HV 3 PHASE LINE

r—
I
I
I
I

SWER LINE

Lv

Sl

SWER ISOLATION TRANSFORMER

SWER LINE

LV CONNECTION
TO THE CUSTOMER

SWER DISTURBUTION TRANSFORMER

Fig 5.8 SWER isolation/distribution transformers network connection configuration

Table 16 : Transformer specifications

Item SWER Distribution SWER Isolation Transformer
Transformer
Ratings 10 KVA, 20 kVA, 25 kVA 100 kVA
Voltage 12700 /480 V or 240 V 22000 V/12700 /480 /240 V
Frequency 50 Hz 50 Hz
Tapping Only one taping might be Tapings provided according to the
given required output voltage
Cooling and Oil immersed free Oil immersed free breathing
tank type breathing outdoor types outdoor types
Bushing One HV bushing for 12.7 Two HV bushing for 22 kV and
kV and two LV bushings for | two LV bushings for 480 V and 240
480 V and 240 V the voltage V the voltage level.
level.
Maximum load 8A 8A
current
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54 ETEL SWER Impedance Measurements

In the previous section, a conventional high frequency winding impedance measurement
technique has been discussed. In this subsection, a simplified VNA-based impedance
measurement procedure will be explained and used for the impedance measurements of a
SWER transformer. The method will be demonstrated on a 25 kVA ETEL SWER
distribution transformer and the impedance of the primary and secondary windings will be
measured in the 10 kHz to 200 kHz frequency range. Fig 5.9 (a) shows the schematic view
of the transformer’s port configuration and 5.9 (b) demonstrates the detailed VNA schematic

configuration (for impedance measurements) with port identification.

*——AI10:
H.V. Bushing \

E.D.O Fuse
——— o000 li‘ ®

as o N

a. . .
S.D Bracket Connection 2 L. V. Circuit
. b 240V
when Surge Drivers are :
Pole Mounted ag I

a e 1 o A
L. V. Earth

Transformer Tank

12.7kV Connection

SUPPLY

L.V. Earth System

Transformer Tank HV.Earth |

Connection System = —
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to Transformer Pole
Mounting Bracket

Fig 5.9(a): ETEL 25 kVA SWER distribution transformer port combination

After identifying the primary and secondary windings from the datasheet specified
connection diagram of Fig 5.9 (a), the terminals a4 to al were determined to be associated
with the low voltage or secondary side of the transformer. A10 and HV earth are transformer
windings on the high voltage or primary side of the transformer. To measure the impedance
of the SWER transformer windings, the Bode 100 Vector Network Analyser (VNA) has
been used. A few connectors have been developed by OMICRON Electronics to measure
port impedance of the device under test using Bode-100. These include the one port
reflection, impedance adopter 3-port technique, shunt thru, shunt thru with series resistance,

voltage-current gain etc. Among the above methods, the 1-port based method suits best for
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impedance ranges from 0.5 Q to 10 kQ. From the literature, it was determined that the
impedance of a transformer winding would normally be in this range, and therefore the 1-
port method has been adopted in this thesis. The manufacturer provided physical
configuration and schematic arrangement to measure the winding impedance of the ETEL
25 kVA SWER is shown in Fig 5.9 (b) and 5.9 (c), where the output port of the VNA has
been connected with the HV bushing terminals or with the positive terminal of the primary
winding and the negative terminal grounded through HV earth. This procedure has been
repeated to measure the impedance of the secondary winding as well across the Active (A)

and Neutral (N) terminals.

ouUTPUT CH 1 CH 2
O sose 100 € >

Fig 5.9 (b): Bode-100 VNA based 1-port impedance measurement schematic
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Fig 5.9 (c): Impedance Measurement Procedure of the SWER Distribution Transformer

In this impedance measurement procedure, it was determined that for the ETEL 25 kVA

SWER distribution transformer, the high voltage winding impedance is around ~1.5 kQ at
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the 100 kHz centre frequency and the impedance value of the low voltage side winding is
around 56.7 Q at 100 kHz. It can be seen that the HV winding impedance decreases with
frequency, but the LV winding impedance has a fluctuating nature. LV winding impedance
is at its highest value (around 3 kQ) at 500 kHz.

An interesting observation has been noticed on the impact of loading conditions of the
opposite winding of the transformer. It has been determined impact of loading of the opposite
winding is minimal on the impedance of each respective side. The experimental winding
impedance measurement under the nominal conditions for both the HV and LV windings

(using the Microwave Office platform) is shown in Fig. 5.10.
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Fig 5.10: Measured impedance of the ETEL 25 kVA SWER distribution transformer

As a final conclusive statement, it must be noted that the overall comparative studies on
the previous researches [105,106,109] on high frequency impedance modelling of transformers
also shows similar trends. But those methods were a lot more complicated in terms of
mathematical evaluation and experimental validation. Therefore, this method can be

applicable and handy for any future high frequency transformer application research.
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5.5 Proposed S-Parameter Based Transformer Models

Due to complexity and challenging nature of previous models, this thesis proposes a new
method to model a transformer based on a methodology that involved taking Touchstone
file (containing s-parameter measurements) of the same under specific load conditions,
which can be used directly in PLC based complex network modelling. One of the benefits is
avoidance of the use of complex lumped components. This approach also does not require
complex mathematical equations and there is no need to measure or optimise impedance of
each port separately, which significantly reduces the effort required towards transformer and
network modelling. Accuracy is however the most important outcome of modelling a SWER
transformer using s-parameter (Touchstone-file) measurements. This modelling and its
integration into an end-to-end network model will be further validated in Chapter 6. The key

steps in undertaking measurements for an accurate model are given below:

e |dentify the voltage levels and loading conditions at the primary and secondary of
the transformer;

e Impedance of the SWER line is considered as 270 Q for transformer related
analysis, though 260-CQ was closest to the estimated SWER line impedance, due to
hardware design purpose (hints: 50 Q (fixed port impedance) + 220 Q (widely
available)) total 270 Q is selected.

e Measure the s-parameter data from the transformer at three different primary and
secondary loading conditions using a Vector Network Analyzer (VNA)

e Undertake the s-parameter measurements for the Medium Voltage (MV) to Low
Voltage (LV) path and for the Low Voltage (LV) to Medium Voltage (MV) path.

e Use the measured Touchstone-files as sub-blocks in the Microwave Office platform

for fine segment-by-segment modelling.

In the following sub-sections, the proposed method has been used to model SWER
transformer and isolation transformer. Fig 5.11 shows the schematic arrangements of various
load specified PLC injection models to acquire the s-parameter data. Specifically, Fig 5.11(a)
-5.11 (c) represents the schematic for 12.7 kV to 240 V injection. On the other hand, Fig
5.11(d) is showing the 240 V to 12.7 kV injection pattern.
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Equivalent SWER line

Impedance 270 Q Various consumer
load
T SWER DISTRIBUTION TI
TRANSFORMER
3y 127k 20V 1 MQ Resistor
12.7kv/240V Equivalent to
25 kVA ETEL + Open circuit
y
MYV injection
condition-1 S77

PLC injection from
MV side
Fig 5.11(a): Schematic arrangement of the SWER transformer s-parameter extraction
model (MV to LV injection; 1 MQ load on LV side)
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Fig 5.11(b): Schematic arrangement of the SWER transformer s-parameter extraction
model (MV to LV injection; 1 Q load on the LV side)
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Fig 5.11(c): Schematic arrangement of the SWER transformer s-parameter extraction
model (MV to LV injection; 2.2 Q load on the LV side)
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The only LV to MV injection loading condition 50 Q to 270 Q:

Various consumer

load
SWER DISTRIBUTION +
T TRANSFORMER
240V

Equivalent 12.7kV/240 V

SWER line 12.7kv 25 kVA ETEL * °
Impedance 270 Q l r
r v
LV injection PLC injection from
/77 LV side

Fig 5.11(d): Schematic arrangement of the SWER transformer S-parameter extraction
model (LV injection 50 Q / MV side 270 Q load)

Mathematical explanation of the transformer loading conditions can be explained with
the typical apparent power equation, which is given in Egs. (5.2).

Transformer rating in kVA, S =12 X R (5.2)

Using Eqs (5.2) for an open circuit equivalent or 1 MQ load connected to 25 kVA SWER

transformer, load current is found as follows:

loc = \E = /25:01603 = 0.158 (Amps), which is as low as an open circuit condition.

Similarly, for a short circuit equivalent or when 1 Q ohm connected to the load side of

transformer, the current is found as follows:

Isc = \/E = /25X1°3 =158.11 Amps (high current as to be considered as the short circuit
R 1

current scenario)

Finally, to represent the full load conditions or a 2.2 Q load connected to secondary, the

secondary winding load current of the transformer is found as follows:

g, = \/é = /25;03 = Ir.=104.2 Amps, which is very close to the rated full load current
of (~106 Amps)
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In the following sections, considering the above three loading conditions, s-parameter
analysis of primary to secondary (MV to LV) path is undertaken and presented.

56.1 SWER Transformer Primary to Secondary Modelling

Fig. 5.12 and 5.13 show the schematic and experimental set-up in acquiring the
touchstone file (s-parameter file) for the 25 kVA ETEL SWER TR’s MV to LV path. The
VNA output port was connected to the MV primary port of the SWER TR through a 270-Q
resistor. To enable 270- Q impedance, a 220-Q resistor was connected in series with the 50-
Q output impedance of Channel 1 of the VNA. Three distinct transformers models were
developed to take into consideration the different secondary loading conditions. These
include the 270-Q MV, to 1-Q LV, model, 270-Q MVa to 2.2-Q LVa and the 270-Q MV,
to 1-MQ LV models.

1 Ohms
N
N
o
o
=
3
w
4 —lli
MV VNA output VNA Ch2
a port VNA 1 M Ohms
50 Ohm
E | er
o
[am}
7
PC
LV, VNA USB_PORT

Fig 5.12 Schematic arrangement for Touchstone file acquisition (MV to LV) injection

The 1-Q LVa model considers a short circuit scenario on the secondary winding. The
2.2-Q LVa model shows the full load condition, and finally the 1-MQ LVa. model is
representative of an open circuit on the secondary. In measuring the touchstone file (s-
parameter file) for the 270 Q MVato 1-Q LVamodel, Channel 2 had a 1-Q resistor in parallel
with the 1M-Q input impedance of Channel 2 giving an equivalent impedance of 1-Q.
Similarly, in measuring the touchstone file for the 270 Q MVato 2.2-Q LV, model, Channel
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2 had a 2.2-Q resistor in parallel with the 1IM-Q input impedance of Channel 2 giving an
equivalent impedance of 2.2-Q. In developing the open-circuit model, the secondary port
was connected in series to the Channel 2 activating the 1-MQ port impedance. Photos of
detail hardware setup of the SWER TR S21/S11-test also attached on Appendix G.

The purpose of undertaking of this MV to LV path modelling was to enable this primary
to secondary path to be modelled to assess the reflection of PLC signals from the primary of
the SWER transformers and the impact of these reflections on the received PLC signal.
Consideration of different secondary loading enabled the research to measure reflections as
a function of the secondary load situation. The MV to LV path model also enables an

assessment of the PLC signal strength at the customer premises.

Fig 5.13: Experimental arrangement for the Touchstone file acquisition

5.6.2 SWER Transformer Secondary to Primary Modelling

This subsection explains the test setup configuration for the s-parameter acquisition
procedure of the SWER transformer LV to MV PLC injection path. Fig 5.14 shows the
schematic configuration of the experimental procedure to acquire the s-parameter response

of the transformers LV to MV path using a PC-based Vector Network Analyser.

With respect to the previous configuration of the MV to LV path, the difference in this
arrangement is that the PLC signal has been injected in the LV side winding and response is
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being recorded at the MV side winding. The LV to MV path model of the SWER transformer
allows us to compute how much signal strength would be attenuated in the injection of the
PLC signal.

Therefore, the VNA output port with the 50-ohm termination has been connected with
the LV side directly to make an equivalent PLC source input impedance. The HV side has
been connected to channel 2 having the 1 MQ termination in parallel with a 270-ohm
resistance, which together represent an equivalent impedance of 270-ohm equivalent to the
SWER line impedance. After collecting the s-parameter response of the transformer’s LV to
MV and MV to LV paths for various loading conditions, these have been integrated as sub-
blocks in the larger network modelling given in Chapter 6.

270 Ohms
M 0
MV VNA output VNA Ch2
] 2 port VNA 1M Ohms
50 Ohm
= ER
T e
Z
PC
Jl_i/ VNA USB_PORT
a

Fig 5.14: Set-up for the SWER TR s-parameter acquisition (LV to MV injection)

5.7 Representation of Transformer Models in Microwave Office

571 270 QMVa-1QLVaModel (MV to LV)

Fig 5.15 shows the configuration model of the 270-Q MV, to 1-Q LVa model, where two
impedance matching transformers (X1 and X2) have been used for the port impedance
adjustment in Microwave Office (MWO) modelling software. This is requires as the
touchstone sub-block in the MWO platform only functions accurately if the touchstone-
block is terminated by 50-Q impedance on both sides. Therefore, to change the port
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impedance from 50 Q to 270 Q and to 1 Q, there was a need to use adjustment transformers
with turns-ratio of 0.4303 (X1) for Port 1 and 7.07106 (X>) for Port 2. This is needed as the
270-Q MVa - 1-Q LVa TR Model is to be used in the fine-detailed segment modelling of a
large SWER network where the SWER transformer is connected to the SWER conductor
with a characteristic impedance of 270 Ohms and a 240-volts customer loading of 1 Q.

The touchstone files were measured and recorded with these loading conditions wired
into the measurement set-up and hence these uses of these adjustment transformers is only
representational allowing the port connections to be accurately displayed while not
impacting the frequency response of the Touchstone modelling block.

PORT lﬁ‘fg SUBCKT ngM)g PORT
P=1 NE0.4303 D=1 N=7.07106 P=2
2270 Otm : NET="TCS_SWER TR 270 MVa 1 LVa" : Z-10hm
1 1
m l:nl ’ m m : nl:1 =
& 0) (0 & 1 ) & 0)'(0 &
) ( )
2 4

+ 4 ;
T
L

Fig 5.15: 270-Q MVa - 1-Q LVa TR Model

270 MVa 1 LVa S21 Analysis
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5 DB(S(2,1))) 100 kHz
270_MVa_1_LVa SWER TR Model -62.971 dB
-100
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Frequency (kHz)

Fig 5.16: 270-Q MVa/1-Q LVa Short Circuit Equivalent TR Model S21 Characteristic.
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Fig 5.16 shows that the S21 characteristic (or insertion loss) for the SWER transformer’s
HV to LV path is high at around -63 dB (Transmitted Power Gain = 5x10”" W/W). Hence,
almost none of the signal power will be coupled from the primary to secondary and signals
injected from the primary winding will not penetrate to the secondary winding. On the other
hand, fig 5.17, the S11 characteristics for the transformer HV winding shows very high
reflection. At 100 kHz, the reflection is -0.1282 dB (Reflected Power Gain = 0.971 W/W),

which implies that around 97% of the injected signal will be reflected.

270 MVa 1 LVa S11 Analysis
0 //‘x:f—ﬂ—— )

05
_nco -&-DB(S(1,1)]) 100 kHz
= TCS SWER_TR_270_MVa_1_LVaAP -0.1282 dB
c
i) £ DB(S(1.1)))
*8 -1 270 MVa_1 LVa SWER TR Model
5
14

-15

i
-2
1 10 100 1000
Frequency (kHz)

Fig 5.17: 270-Q MVa - 1-Q LVa short circuit TR Model S11 Characteristic.

57.2 270 Q MVa-1MQ LVa Open Circuit Model (MV to LV)

Fig 5.18 shows the 270 Q MVa — 1 MQ LVa TR model mimicking an open circuit on the
secondary. In this combination, one adjustment transformer (X1) is required with a ratio of
N=0.4303 for Port 1. The adjustment transformer changes the 50-Q TCS block port
impedance to 270 Q as required to match the SWER line impedance. The secondary has 1
M-Q impedance termination in measurement and the allocated 50-Q port impedance does

not alter the response and enables the sub-block to operate correctly as per measurements.
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With this open circuited loading, the secondary signal voltage would be higher as there is
now decreased attenuation from the HV to LV path as shown by Fig 5.19. The insertion loss
is now -36.64 dB (Transmitted Power Gain = 0.000217 W/W) for the open circuited

condition, while it was -63 dB (Transmitted Power Gain = 5x10°" W/W) for the prior case.

SUBCKT
PORT IXDF_I\;I(? ID=S1 PORT
P=1 NSO 4303 NET="TCS_SWER_TR 270 MVa_IM_LVa"  P=2
Z=270 Ohm e Z=50 Ohm
1 3
- 1:nl o 1 2
DD & 0)'(0 8 —a———8
) C

=
2 4 3

Fig 5.18: 270-Q MVa - 1-MQ LVa TR Model.
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-35

-40
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Fig 5.19: S21 Characteristics of 270-Q MVa - 1-MQ LVa TR Model.

Signal reflection of -0.1239 dB is shown in Fig 5.20 which is nearly consistent with the
previous model, where -0.1282 dB reflection was recorded. This demonstrates that MVa to

LVa high-frequency impedance is very high and the termination impedance has significant
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impact on the signal insertion loss, but negligible impact on reflection while propagating to
through the transformer winding.

270 MVa 1M LVa S11 Analysis
1
0 = o —
o)
)
c
=) 1
§ - DB(S(1.1))) 100 kHz
D TCS SWER TR 270 Mva_1M LVa.AP -0.1239dB
x
£ DB(IS(1,)))
2 270 MVa_1IM LVa SWER TR Model
-3
0.5 1 10 100 1000
Frequency (kHz)

Fig 5.20: 270-Q MVa-1-MQ LVa Best-Case TR Model S11 Characteristic.

573 270 Q MVa-2.2Q LVa -Full Load Model (MV to LV)

The VNA output port was connected to the MVa port of the transformer through a 220-
Q resistor (giving the line impedance of 270-Q when summed with the VNA output
impedance of 50-Q). The 270-Q MVa to 2.2-Q LVa model is presented in Fig. 5.21
mimicking a full load on the 240 Volt secondary. Channel 2 had a 2.2-Q resistor in parallel
with the 1M-Q port impedance of the VNA modelling a 2.2-Q heavily loaded secondary.

The S21 and S11 characteristics have been shown in Fig 5.22 and Fig 5.23. With this full
load condition, the insertion loss is high at around -56 dB at 100 kHz and close to open
circuit condition which exhibited -63 dB loss for PLC signal while measuring from the low
voltage side. The blue coloured trace of the Fig 5.22 shows the S21 characteristic of the
simulated transformer model, where the pink-coloured trace shows the S21 characteristic
from the actual field measurements, as shown, both traces are aligned. Fig 5.23 shows the

S11 or the reflection characteristic coefficient of the 270 Q MVa -2.2 Q LVa TR model.
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XFMR ~ SUBCKT
D=X1" ~  ° ° ° NET="TCS_Transformer MV_LV_270_2 2 S_2020"
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Fig 5.21: 270-Q MVa — 2.2-Q LVa TR Model
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Fig 5.22: S21 Characteristics of 270-Q MVa -2.2-Q LVa or full load TR Model.

The curve of Fig 5.23 illustrates -0.152 dB reflection of the PLC signals while penetrating
through the transformer in the MV to LV direction at full load conditions. Comparative
analysis of the S21 characteristic observes that for the loading conditions, such as the full
load and short circuit conditions, the attenuation is quite similar from -55 dB to -62 dB. But

for the open circuited condition (higher load, 1-MQ), PLC signal would experience lower

123



Chapter 5: SWER Transformer High Frequency Modelling

attenuation at around -36 dB. For a 0 dB signal power on the primary, -36 dB of signal power
IS received at the secondary. In contrast, comparative analysis of the S11 shows that the
reflection loss for the full-load condition (S11 = -0.152 dB; 0.966 W/W) is higher than the

other two cases, where the reflection was measured as approximately -0.12 dB (0.973 W/W).

0 270 MVa 2.2 L Va S11 Analysis
__ 02
m
)
c 04 100 kHz
o) -0.1528 dB
S
= 06 -2-DB(S(1,1)[)
% 270 Mva 2 2 LVa SWER TR Model.AP

0.8
41
1 10 100 200

Frequency (kHz)

Fig 5.23: 270-Q MVa-2.2-Q LVa -Full load TR Model S11 Characteristic.

57.4 50QLVato 270 Q MVa Model (LV to MV)

This section describes the 50 Q to 270 Q nominal LV to MV transformer model. Similar
to the previous model, this configuration requires only one adjustment transformer (X2) for
Port 2 with a ratio of N=2.225. The adjustment transformer changes the 50 Q TCS block
port impedance to 270 Q required to represent a SWER line impedance. On the other hand,
the low voltage (LV) side has been connected to the 50 Q port which is considered as the
PLC source’s output port impedance. The customized configuration of the LV to MV path

transformer model in the Microwave Office platform is represented in Fig. 5.24
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50 ohm LVa to 270 ohm MVa injection

SUBCKT

PORT ID=S2 AU PORT
P=2 NET="2700ohm_HVa_500hm_LVa" NE2.25 P=1
Z=50 Ohm : Z=270 Ohm

1 3
D—D—Dli | 29 = : = D—<]

A
M3
o

‘\}»

l 2
1

Fig 5.24: 50-Q LVa - 270-Q MVa SWER TR Model.

50 ohm LVa to 270 ohm MVa_S21
40
-2~ DB(|S(2,1)])
270ohm_HVa_50o0hm_LVa
-=-DB(]S(2,1)])
20 270 HVa_50 Lva_ test
m
=) m2:
c v 100000 Hz ma:
5 50600 Hz -17.11dB 150000 Hz
T 0 -14.36 dB -20.52 dB
2
o
<
-20
-40
1000 10000 100000 1le+06
Frequency (Hz)

Fig 5.25: S21 characteristics of the 50 Q LVa—270 Q MVa TR Model.

The S21 curve of the above LV to MV injection path circuit configuration is shown in
Fig 5.25. From this curve, it can be observed that if the PLC signal is injected from the low
voltage side (secondary), the signal strength at the primary winding (MV side) will be quite
high compared to the MV to LV configuration. At a frequency of 50 kHz, the attenuation is
-14.36 dB, and at 100 kHz, the attenuation was determined to be about -17.11 dB. The 150
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kHz attenuation is -20.52 dB after this range. After 150 kHz, the signals experienced higher
attenuation by the LV to MV injection path.

50 ohm LVa to 270 ohm MVa_S11
20
-&-DB(|S(1,1)])
2700hm_HVa_500hm_LVa
o = DB(]S(1,1)]) ma: m2:
1 270 HVa_50 Lva_ test 50000 Hz 100000 Hz
m .2.833dB -1.453 dB
©
£
c
2 0
|5
2
©
@ m4:
150000 Hz
-10 -1.754 dB
-20
1000 10000 100000 1le+06
Frequency (Hz)

Fig 5.26: S11 Characteristics of the 50 Q LVa —270 Q MVa TR Model

On the other hand, the reflection characteristics (S11) of Fig 5.26 shows that this 50 Q
LVa -270 Q MVa path model generates a downward spike at a frequency of around 20 kHz
and the reflection varies between -2.83 to -1.75 dB for the 50 kHz to 150 kHz range. On the
other hand, the reflection for the MV to LV path were higher (-0.12 dB). Due to the high
reflection and abnormalities at the lower frequency band, despite having a lower insertion

loss, PLC signal injection through the LV side seems more challenging and a tougher choice.

5.8 SWER Transformer Model Simulations in Microwave Office

5.8.1 PLC propagation test on the winding of SWER TR Models

In this section, system level PLC propagation tests have been carried out for the SWER
TR windings at the two different load conditions, developed earlier. PLC or HF signal of
100 kHz and magnitude of around 1-V has been injected at the MV primary for both TR
models. The magnitude of the HF signal at the LV secondary winding has been measured to

determine the impact of secondary loading on the actual PLC signal strengths passing
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through the transformers. Fig 5.27 shows the system configuration of the simulation study
in the MWO and Fig 5.28 shows the amplitude of the input PLC signal.

TONE
ID=A2

FRQ=100 kHz
PWR=-27.23 dBW

PHS=0 Rad
CTRFRQ=100 Kz
SMPFRQ=20 kHz LIN_S
ZS=270 Ohm ID=S1
TN=_TAMB DegK TP NET="270_HVa_1_LVa_TR Model" TP
NOISE=Noiseless ID=TP1 INPORT={1} ID=TP2
PNMASK= OUTPORT={2} PORT
PNOISE=No phase noise NOISE=Noiseless P=1
Z=1 Ohm
TONE
ID=A3
FRQ=100 kHz
PWR=-27.23 dBW
PHS=0 Rad
CTRFRQ=100 kHz
SMPFRQ=20 kHz LIN_S
ZS=270 Ohm ID=S3
TN=_TAMB DegK TP NET="270_HVa_1M_LVa_TR_Model" TP
NOISE=Noiseless ID=TP3 INPORT={1} ID=TP4
PNMASK= OUTPORT={2} PORT
PNOISE=No phase noise % NOISE=Noiseless .%. P=2
Z=1e6 Ohm
Fig 5.27: SWER TR System Level Simulation.
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Fig 5.28: SWER TR System Level Simulation: Input Signal at MV Terminal.

Fig 5.29 shows the measured output or HF signals at the LV winding of the SWER TR

for both termination options. As shown in both cases, the magnitude HF signal is higher at
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around -43 dB HF at the secondary of the 1M-Ohm terminated TR and worst with a -59 dB
magnitude at the secondary when terminated with 1-Q load on the TR.

SWER_TR_Output_\Voltages

40 + [ 100 kHz
=72 || SWER TR Secondary (1 Ohm Termineted) -43.8dB

Voltage (dB)
H
b

136 ||— SWER TR Secondary (1M Ohm Terminated)

| 100 kHz
-100 -59.07 dB

Voltage (dB)

9 92 94 9% 98 100 102 104 106 108 110
Frequency (kHz)

Fig 5.29: SWER TR System Level Simulation: Output Signal at LV Terminal.

PLC signal represents a very low amplitude such as 0.0011 V and 0.0070 V. Therefore,
regardless of the secondary loading, the PLC signal penetrating from the MV line to the
customer through the SWER transformer will be very low. Due to this low amplitude of PLC
signal on the customer end, other home appliances and communication system device will

not require any filter circuit or other peripherals.

Herewith, because of negligible amplitude of PLC signals, radiation from the signals will
also be very low which will not be able to affect the other communication around the
household such as-Wi-Fi signals, or other Microwave communication facilities such as
mobile communication or ADSL communication application. For example, the ADSL
application input voltage is 2 V [119], which is significantly higher than PLC signal
amplitude, so the radiation impact of PLC signals on ADSL communications will be
negligible. All the above positive findings show the potential of this technique to implement

in power line fault detection.
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5.9 Isolation Transformer Modelling

Fig 5.30 shows schematic arrangement and Fig 5.31 shows the experimental set-up in
acquiring the Touchstone file for the Isolation (ISO) TR. As shown, the output port of the
VNA was connected to the SWER winding of the ISO TR through a 270-Q resistor.

HVa
PC

] 220 Ohm DEMO
° e
2 o
2] E
r—
? HVy [
j n—
VNA output Ch2
port A M
50 Ohm VNA USB
Port

Fig 5.30: Isolation transformer s-parameters acquisition set-up schematic

_Additional test

- —

seft-up

~dsolation Transfo,

— e e S

Data Acquisition e

Connection

Fig 5.31: SWER isolation transformer data acquisition set-up

Channel 2 has a 723-Q resistor (calculated characteristic impedance of the high voltage
three phase conductor) in parallel with the IM-Q port impedance. In circuit configuration,
the PLC signal was injected to the high voltage active (HVA) of the SWER ISO TR, which
is connected to the VNA output port and response recorded at the high voltage negative
(HVN) terminal, which connected to the Channel 2 of VNA. These tests were undertaken at
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the Zinfra switchyard using an ETEL 100-kVA transformer. Extended photographs on
SWER ISO test has been added on Appendix H.

Fig 5.32 shows the MWO configuration of the ISO TR model, in this model two

adjustment transformer such as -X1 with turns ratio (N=0.4303) and other X2 with turns

ratio (N=0.263) have been used to match the impedance conditions.

XFMR

PORT i SUBCKT KFMR PORT
- ID=X1 J ID=X2 C
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Fig 5.32: Microwave base isolation TR Model

-20

ISO_TR_S21 Analysis

-40

-60

-80

Attenuation (dB)

-100

-120

100 kHz
-44.81 dB

-2-DB(|S(2,1)])

270_MVa_723_HVa_ISO_TR_Model

- DB(|S(2,1)])

TCS_ISO_TR_270_723

10

100

Frequency (kHz)

1000

Fig 5.33: ISO TR Model S21 Characteristic

Fig 5.33 and Fig 5.34 shows the S21 and S11 characteristics of the ISO TR. The results
demonstrate very high reflection from the SWER terminal of the Isolation transformer and
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very low penetration of signals into the HV winding. For example, the value of the S21
coefficient insertion attenuation at 100 kHz is -44.81 dB (Transmitted Power gain =
0.000033 W/W), which means that for a 0 dB signal power at the SWER side of the isolation
transformer, the power level of the signal at the HV end would be -44.81 dB. The value of
the S11 coefficient at 100 kHz is nearly zero (~0.003111) signifying that all injected signal
in the primary side will be reflected.
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Fig 5.34: ISO TR Model S11 Characteristic

5.9.1 PLC propagation test on the winding of ISO TR Models

Following the system level simulation for SWER transformer, similar system level PLC
propagation test has been carried out for the isolation transformer. This simulation reveals
the fact that PLC penetration through the windings of the ISO transformer is very low. For
example, an injection of 100 kHz signal with an amplitude of around 1-V at the low voltage
SWER ISO transformer’s terminal, produces a -63 dB penetrating 100 kHz signal measured
at the HV side of the SWER IS0 transformer, signifying very low propagation of HF signals
through the ISO TR.
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Fig 5.35 shows the system level simulation the isolation transformer for a PLC
propagation test system in the AWR (Microwave Office) platform.

TONE

ID=A2 LN_S

FRQ=100 kHz ID=S1

PWR=-27.23 dBW TP NET="270 MVa_723 HVa ISO TR Model' TP

CTRFRQ=100 kHz ID=TP1 INPORT={1} ID=TP2

SMPFRQ=20 kHz OUTPORT=(2} PORT

Z5=270 Ohm NOISE=Noiseless P=1
Z=7230hm

4ﬂlb«>~: . ]

Fig 5.35: ISO TR System Level Simulation.

5.10 Conclusion

Transformers are the most important parts of an electricity distribution network. These
are also the most critical candidates to affect the PLC signals while propagating through the
power system network. Considering these facts, this chapter has focused on the modelling
and characterisation of the transformer at the PLC frequency ranges. This includes a SWER
distribution transformer and a SWER isolation transformer. In the following chapter, these
proposed transformer model will be integrated into an end-to-end complete SWER network
model, where the objective would be to compare the predicted subcarrier tone strengths

against measured tone strengths in an OFDM transmission.

Few key novel contributions to research methodology have been made throughout this
chapter such as the introduction of a simplified high frequency winding impedance
measurement technique and s-parameter measurements of the transformer MV to LV and
LV to MV path reflection and transmission characteristics as a means of modelling the high-
frequency behaviour of these paths at PLC frequencies for further analysis. The results
obtained from this method has been compared with some well-established conventional
methods, which justify the accuracy of the proposed method. The proposed impedance
measurement technique can also be used for any other transformer impedance measurement.

Results show that a SWER transformer’s primary winding high-frequency impedance is
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around ~1.5 kQ at the 100 kHz centre frequency while the high-frequency impedance value

of the low voltage secondary winding is around 56.7 Q at 100 kHz.

A novel s-parameter based load-terminated transformer modelling technique has been
explained and experimentally applied to both a 25-kVA SWER distribution and a 100-kVA
isolation transformer. Important characteristics such as the impact of secondary loading,
signal attenuation (S21) and reflection (S11) parameters have been evaluated. A system level
PLC injection simulation-test has also been demonstrated to compare the input and output

voltage levels, while propagating the PLC signals through the transformers.

A key finding was that regardless of the secondary loading, the PLC signal penetrating
from the MV line to the customer through the SWER transformer will be very low while
there would be high reflections back onto the SWER from the transformer. Losses at the
customer premises are therefore expected to be low. For the LV to MV path, moderate signal
attention and reflections were observed making SWER transformers a potential PLC signal
injection medium satisfied that a good matching network is developed and used.
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Chapter 6

Evaluation of SWER Channel for PLC Propagation

6.1 Introduction

This chapter is the last contributory sections of the thesis, most significant findings with
regards to the analysis and modelling of the channel have been summarized in this chapter.
One of the key focus of this work is to model and evaluate the High Frequency (HF)
Communication channel of a designated SWER network for powerline communication-
based protection scheme applications with the Microwave Office platform. The PLC channel
modelling has been demonstrated with simulations performed to predict the PLC subcarrier
strengths at the receiver end and has been compared with field measurements. High
Frequency (HF) modelling of the entire network has enabled simulation of the overhead
network to predict PLC signal tone strengths for the de-energised and grid connected

network scenarios.

During field tests, PLC signals were injected to the isolated SWER network as well as to
the energized SWER network connected to the 22-kV Medium Voltage (MV) multiphase
grid through the isolating transformer. Comparison of the test measurements against model
predictions has been used in justifying the accuracy of the developed channel model. System
level simulations enabled a comparison between actual measured Orthogonal Frequency-
Division Multiplexing (OFDM) subcarrier tone voltages in the 50-150 kHz frequency band
and those predicted by the modelling. Likewise, the test, in simulation both the scenarios -
energized and de-energized have been presented as well. The first scenario explored the HV
de-energised case study network when LC-coupling capacitor injection was practiced with
an injection sequence matching that applied in field tests. The second scenario investigated
the HV-connected (live) network also coupled via the similar LC-coupling capacitor-based
circuit. The modelling sought to compare model predicted PLC tone voltages with those
measured in the field tests. Comparative accuracy analysis and various case studies such as

expansion of the network size, analysis of the loading effect on the secondary loading of the
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transformer, pole heights have been demonstrated in this chapter. Some of the critical
observations of these case studies can be summarized as follows: network expansion (the
distance between the transmitter and receiver) has a significant impact on the received PLC
signal strength, but secondary loading of the customer end SWER transformers and the pole

height above ground has negligible impact on the PLC propagation.

This chapter also focusses on the discussion of the various fault scenarios in the case
study of SWER network. Emphasis has been given to classify different types of High
Impedance Fault (HIF) models. Two main HIF fault models such as the arc-resistance and
the diode-based models have been explored. Impact of the HIFs on the s-parameter
characteristics and the spectrum of PLC signal propagation over the designated SWER
network has been represented as another novel contribution in this chapter. In addition to
HIFs, open circuit and short circuit scenarios have been created in the network to show
impact of these cases on the PLC signal transmission. The workflow of this chapter is shown
in Fig 6.1.

S ) ) (
Description
or
_ Impacts of
modelling PLC Various case faults on
of the propagation tudi PLC
complete testing ICIES i
ot propagation
network

Fig 6.1: Flow chart of this chapter

6.2 Designated SWER network details

The PLC propagation test zone was part of a larger SWER network. The fig 6.2 shows
the network schematic diagram of the 12.7 kV RMS Myers Road SWER network in
Balnarring. Balnarring is a Victorian town on the south eastern Mornington Peninsula with
a large selection of wineries and vineyards located in the rural inland sections. There are 28
customers all supplied through this relatively small SWER network, which has a total

network length of 10.2 km. The network consists of many segments. The length of the
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segments varies from 1 m to 500 m. Table 17 shows the exact distance of each segment of

the network.

Table 17 : Myers Road Network Lengths

Start Point End Point | Distance (m) Start Point Endpoint | Distance(m)
Pole 1 (Receiver) | Pole 2 ACR 22.357 Pole 19 Pole 22 180.527
Pole 2 (ACR) Pole 3 331.271 Pole 23 Pole 24 125.202
Pole 3 Pole 3-1 118.325 Pole 23 Pole 23-1 193.21
Pole 3 Pole 4 87.151 Pole 23-1 Pole 23-2 191.8829
Pole 4 Pole 5 165.727 Pole 23-2 Pole 23-3 240.279
Pole 5 Pole 6 195.639 Pole 23-3 Pole 23-3-1 162.646
Pole 5 Pole 11 283.867
Pole 6 Pole 7 214.219 Pole 23-3 Pole 23-3-2 279.031
Pole 7 Pole HB 66.789 Pole 24 Pole 25 128.611
Pole 7 Pole 8 381.345 Pole 25 Pole 25-1 166.329
Pole 8 Pole 9 221.703 Pole 25-1 Pole 25-2 533.843
Pole 9 Pole 10 250.037 Pole 26 Pole 27 181.277
Pole 8 Pole 8-1 221.703 Pole 27 Pole 28 120.739
Pole 8 Pole 8-2 179.129 Pole 28 Pole 28-1 136.979
Pole 8 Pole 8-3 104.675 Pole 28 Pole 29 172.812
Pole 11 Pole 12 285.857 Pole 29 Pole 30 81.703
Pole 12 Pole 13 424.662 Pole 30 Pole 30-1 129.935
Pole 13 Pole 14 140.206 Pole 30 Pole 30-2-1 115.865
Pole 14 Pole 15 381.1 Pole 30-2-1 Pole 30-2-2 115.851
Pole 15 Pole 16 189.945 Pole 30-2-2 Pole 30-2-3 131.858
Pole 16 Pole 17 350.401 Pole 30 Pole 31 219.506
Pole 16 Pole 23 153.552
Pole 17 Pole 18 204.524 Pole 31 Pole 32 291.2
Pole 18 Pole 19 196.521
Pole 19 Pole 20 167.882
Pole 19 Pole 21 307.384
Total length (m) | 10194.626 Distance 3613.361 m
m between TX
and RX
Total length (km) | 10.194 km Distance 3.613 km
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Fig 6.2: Myers Road SWER network in Balnarring.
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The direct distance between the transmitter and receiver points is approximately 3.6 km.
The transmitter set-up was connected at the ‘French No: 3 Bittern’ SWER TR pole (Pole 21)
as shown in Fig. 6.2. A coupling capacitor was previously mounted on the pole enabling the
injection of HF signals directly onto the 12.7 kV conductor through the capacitor. The DAQ
system is also capacitively coupled to the network. It is located at the isolation transformer
pole (Pole 1), where the SWER network is coupled to the 3-phase network. Pole 1 is the
starting point of the SWER network, where the SWER connects to multi-phase 22-kV grid.
The Visio based network diagram and AWR network diagram have also been attached in
Appendix A and B.

The receiver side data logging was undertaken at the Myers Road network Pole #1, where
an Isolation Transformer (1ISO TR) isolates the SWER grid from earth, changing the grid
voltage from 22 kV to the SWER voltage (12.7 kV). Fig 6.3 shows the Myers SWER
network Isolation Transformer point, ACR, and the test site itself (Receiver site). The
Automatic Circuit Recloser (ACR) is located on Pole # 2 approximately 22 meters away
from the pole where the test set up was located. The data logging test equipment was located
in an enclosure placed 3 meters high on Pole #1. Fig. 6.3 shows the view of the receiver end

test site and Table 6.1 lists all the network segment lengths.

SWER conductor

Fig 6.3: Myers Road SWER ISO and ACR (Receiver End)
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6.3 PLC transmitter System

The transmitter set-up on the test site is shown in Fig 6.4. The pole is located next to a
farmhouse and an enclosure was previously erected 3 meters high on the pole enabling the
placement of all relevant injection hardware. A Coupling Capacitor (CC) was previously
mounted on the pole enabling the injection of HF signals directly onto the 12.7 kV conductor

through the coupling capacitor.

Fig 6.4: Test site transmission Point.

12.7 kv SWER conductor

\ 4 Amps Fuse

A
Coupling : L
Circuit . ;
RG58 . N
- . PLC Filter
Filter . Customer Load
: 1
RG58 : =
: Mv

Signal

Generator LV Earth

Earth

*Coupling Capacitor
Injection and Coupling *
<Circuit

Fig 6.5: Injection Set-Up at French No: 3 Bittern SWER TR.
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Fig 6.5 shows the configuration and connection of CC based injection options within the
transmitter enclosure. Key elements of the coupling capacitor injection concept included the
MCC 124 1.1 nF coupling capacitor, CTB1A, the L-C impedance matching coupling circuit,
a low-pass filter, and finally an Arbitrary Signal Generator (ASG). The CTB1A [120] is a
commercial coupler termination box is necessary for providing the protective ground for the
coupler's BNC signal cable required to work with HV capacitor and the ASG was used to
generate the multi-carrier test waveform for measuring the frequency response of the

channel.

6.4 PLC Receiver system

Fig 6.6 shows the receiver end Data Acquisition (DAQ) system. The system includes the
Omicron CC, 11-metre coaxial, Power Diagnostic Systems CTB1A termination box, the
Capacitive Voltage Divider, and the Stanford Research Systems pre-amplifier. The
Capacitor Voltage Divider (CVD) is the important element of the receiver data accusation
system. It follows the voltage divider rules to proportionately divide the input voltage at its
output based on the values of capacitive components, irrespective of the input signal
frequency. In this test set-up PLC signal has been injected to the 12.7 kV SWER line whereas
data accusation system components like digitiser, filter, pre-amplifier those are operated with
low voltage, therefore the CVD reduced the high voltage input to low voltage output for
those equipment to operate. The voltage division depends on the value of the capacitive
components. The theoretical concept of CVD and extended photos on signal capture
arrangement has been added on Appendix | and J.

Conductor Low-Noise Pre-Amplifier/Filter

12.7 kV
MCC124 Coupling

Capacitor 1.1nF

Coaxial
Second-stage over-

voltage protection

Sm—— 0.5sm |RG58 Coaxial
= =5 e—, RG58 cvp HP
Coaxial F——W—= 1P OUT 1 F/O
HF Channel

Coaxial = (o IN i’; «HP OUT 2
gl il o-sm N T F e o
==l - p T X W

CTB1A J T f InpubsC Gl T

Power
Diagnostix -
Systems Coupler GND
Termination Box

Gen 3i
Logger

Digitiser Transmitter
Sampling @ 5 MS/s
Low-Pass Bessel IIR AA
Filter < 500 kHz \

Fig 6.6: Receiving End DAQ System.
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Stanford Systems pre-amplifier is a commercial filter integrated amplifier provides
passband filtering between 10 kHz and 1 MHz. To analyse the captured PLC signals, some
other peripherals such as a digitizer and the Gen3i data logger were sued. Both pieces of
equipment helped to record and later visualize the captured signal. The CVD provides High
Pass filtering and reduces the voltage levels with either a 110:1 (HP/10) or an alternative
11:1 (HP) setting. During these tests, the s-parameter of the following receiver end
measurement circuit was acquired using the HP setting. Design of the CVD and the
following measurement system is out of the scope of this thesis and was undertaken as part

of the overarching project. The internal circuit schematic of the CVD is shown in Fig 6.7.

Stage 2: Low-Pass Filter with 455 kHz
. ) o ) - - l
Stage 1: Voltage Divider & High- : R3 RS R6 el
Pass Filter with 10 kHz Cut-Off 1 —"\/ T A/ AVA ol
_________________ A I S ST B |
:INPUT 1 A : ‘ C3==33nF  C4 == 3.3nF C5 == 270pF |
1 © : I R4§ 15R P I
I R1 1 < 1
1 680rR | 1 - 1
| sanF \[ 1 L o e e e e e e o
] 1 I [ ——————
1 R2_>58CIR I 1 cé HP (10kHz~1MHz) |
1 : 1 H . ° : Stage 3: Further Voltage
1 1 < L
I 10n g7 ™. Tk5 I Reduction & a Second
I | <
1 ~ v I 1 o 1 § i i
1 L | Stage of High-Pass Filter
I I 1 8‘/’ 1 . .
e - : ~>750R | with 10KHz Cut-Oft
1 |
< "

Fig 6.7: Schematic diagram of the CVD.

6.5 Propagation Test: Transmission and Reception of PLC Signals

This section presents system studies to comprehend the developed models and evaluate
the performance of the injection method, and parameters affecting signal strengths. The
developed Myers Road SWER model has been simulated for both isolated and 22 kV grid
connected conditions. The impact of network size, conductor height, and SWER TR loading
have been assessed. For the high frequency network model and propagation testing, the L-C
matching CC based coupling circuit was used for the PLC injection. The details of the
coupling circuit were explained earlier in Chapter 2. Similarly, the lossy line model and
SWER transformer model were described in Chapters 4 and 5 respectively.
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The complete case study Myers Road SWER network has been modelled in Microwave
Office as shown in Fig 6.9. It includes (i) the aerial line models based on the lossy segment
line model, and (ii) the SWER transformers based on the MVa-to-LVa path s-parameter
measurements. Two different scenarios including the de-energised and energised (grid
connected) will be considered, and the SWER conductor height has been taken as 6.7 meters.
For analysis two different transformer secondary loading conditions including the 270 Q
MVa-1 MQ LVa and 270 Q MVa-1 Q LVa SWER TR cases will be considered.

LN_S

LIN_S D=5

=53 2 )
NET="Coupling Capacitor Injection Model" NET="Receher_CVD_IM Modef
0 INPORT=(1)
INPORT-AL) OUTPORT={2)
TP OUTPORT=) ™ ™ . 2
ID=TP1 NOISE=Noiseless ID=TP2 ID=TP3 =Noiseless

M'iﬂlw %nﬂw i A0

TONE

ID=INJSEQ5V LIN_S
FRQ={50,60,70,80,90,100,110,120,130,140,150} kHz ID=51 _ "
PWR={-26.2,-29.4,-26.327.23,27.6,-26.23,-29.8,26.2,-27.8,:21.23,-26 5} dBW NET="Myers Road Offiine Model 6_7m 1_Ohm LM_1
PHS=0Rad INPORT={1}

CTRFRQ=100 kHz OUTPORT=2}

SMPFRQ=200 kHz NOISE=Noiseless

7550 Ohm

TN=_TAVB DegK

NOISE=Noiseless
PNMASK=
PNOISE=No phase noise

Fig 6.8: Myers Road System Level Simulation.

Fig. 6.8 shows the ‘system’ modelling of the end-to-end network with all components
including the multi-tone source, capacitive coupling, conductors, and receiver-end
measurement system. The s-parameter based measurements (integrated as two-port sub-
blocks) are specific to the injection and DAQ circuits built by the authors as well as the

utilised SWER transformer type. The system model consists of the following components:

e A tone generator replicating the OFDM subcarriers and frequency band of the
injected tones.

e The coupling-capacitor injection circuit sub-block for the frequency-dependent
behaviour of the injection circuit based on the s-parameter measurements.

e Receiver-end measurement system sub-block for the frequency-dependent

behaviour of the receiver end circuit based on the s-parameter measurements.
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Fig 6.9: Complete Myer Road SWER network model in the Microwave office
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6.5.1  Propagation Tests on the Isolated SWER Network

Table 18 shows the summary of the simulation parameters. For, the field PLC propagation

testing, the amplitude of the injected OFDM signal was selected as 5 V RMS, which was

supplied from the ASG. In simulation, to get the equivalent 5 V RMS input, a discrete tone

generator from the Microwave Office suit was used. The input signal generated from the

microwave tone generator is shown in Fig 6.10.

Table 18 : System Simulation Parameters 1

Simulation Parameters

Value

Injection Method

Coupling Capacitor

Configuration/SWER TR Type

Isolated/270 MVa 1 LVa

SWER Network Height

6.7 meters

ASG Setting

5V RMS

Matching Field Test

OfflineSignalCon004.pnrf

0
)
)
S 50
3
G
>
-100

Signal at the Transmitter

v

50 kHz
-6.2dB

60 kHz ||| 70 kHz
94dBJ| -6.3dB

80 kHz
-7.23dB

90 kHz
-7.6 dB

130 kHz
-7.8dB

110 kHz
-9.8dB

100 kHz
-6.23dB

120 kHz
-6.2 dB

140 kHz

150 kHz
-7.23dB

-6.5dB

— DB(IV_SPEC(TP.TP:
System Diagram 1

1,1000,0,10,0,-1,0,-1,1,0,0,0,1,0)))

40

80

120
Frequency (kHz)

160

Fig 6.10: Simulated input PLC signal from the MWO tone generator
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Fig 6.11 shows the spectral analysis of the HF signal received and recorded during the
de-energised network actual measurements taken on the 7" of August 2018. Fig 6.12 shows
the predicted signal strengths at Port 1 for the injection sequence of the Fig 6.10.

Single-Sided Frequency Spectrum of the HF Voltage
Filename is OfflineSignalCon004.pnrf
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Fig 6.11: Received PLC signal spectrum from the real test on isolated SWER network.
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Fig 6.12: Model Prediction for the Isolated Network and Measurements (CC Injection).
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Fig 6.12 also displays the error (A) calculations on the plot. Following the graphs, in Table

19, with respect to frequency, attenuation for the simulated circuit, measured network, and

deviation between these two have been included.

Table 19 : Deviations in signal attenuation predicted and measured signal

Frequency
Components (kHz)

Predicted Signal
Attenuation in (dB)

Measured Signal
Attenuation in (dB)

Deviations in (dB)

50 -67.22 -64 -3.22
60 -67.53 -67.31 -0.23
70 -63.61 -61.5 -1.66
80 -63.59 -63.5 -0.09
90 -63.63 -63 -0.63
100 -62.624 -59.4 -2.84
110 -66.21 -58.8 -7.41
120 -63.72 -59.6 -4.12
130 -67.32 -69.2 -1.88
140 -69.76 -70.8 -1.04
150 -712.46 -70.6 -1.86
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From the curve and table it can be stated that, the developed model is quite accurate and
computed signal strengths compare well with actual measurements. The measured signal is
slightly larger than the predicted signal (at most carrier frequencies) with a mean difference
of 2.27 dB, and standard deviation (c) of 2.12 dB. Error sources would include un-modelled
changes in the ground constants and power line clearances caused by line sag, terrain
variations and agricultural usage over the test area

6.5.2  Propagation Test on energized SWER network

The network simulation model was then reconfigured to include the isolation transformer
model, put back into service at Port 1, for the energised line. The injection sequence matches
the injection sequence applied from the ASG during the energised network field tests
enabling a direct comparison. PLC propagation testing on the energised case study SWER
network was carried out on the 14" December 2018. The received signal spectral analysis is
shown in Fig. 6.13 with the simulation predicted tone strengths shown in Fig. 6.14.

Single-Sided Frequency Spectrum of the HF Voltage
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Fig 6.13: Received PLC signal spectrum for the energized SWER network field test.
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Assessment of the predicted tone strengths against the measured strengths shows relative
accuracy. For most tones, the error is in the 2-3 dB range, whilst for few other carrier
frequencies (e.g. 100 kHz, 120 kHz, and 150 kHz) up to 6-7 dB error can be observed. The
mean error is now 3.10 dB and o is 2.10 dB. The error is higher, compared to the offline
model. This was expected due to the impedance change caused by the isolation transformer
and the fact that all modelling was based on non-energised transformer models. Despite

increased error, results still confirm that an accurate narrowband model has been achieved.
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Fig 6.14: Simulated received PLC signal spectrum for energized SWER network

6.6 Case Studies on the Isolated SWER network

This section analyses the correlation of the PLC signal strength against certain parameters
such as the conductor height, network size, and the SWER transformer secondary loading.
Case studies have been carried out on the isolated network to assess the performance of the

PLC signal propagation.
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6.6.1 Case Study-I: Impact of Conductor height

The design criteria are minimum height of 6.7 meters, with an average pole height of around
10 m. Regulations allow utilities to go down to about 5.7 meters; therefore, a sensitivity
analysis has been undertaken to compare received signal strengths at the two minimum
heights. This includes simulating the network model of the Fig 6.8 by setting the SWER
conductor height parameter as 5.7 meters. As shown in Fig 6.15, the height of the conductor

above the ground does not make a significant impact on the signal strength.
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Fig 6.15: Simulation of the Myers Road Network (5.7 meters).

6.6.2  Case Study-I1: Impact of Network Size

This section reviews the impact of network size on the signal strengths at the receiver. In
undertaking this simulation, the designated SWER network of has been simulated with
different segment length multipliers. Table 20 summarises simulation parameters showing

the length of the simulated network and the distance between the transmitter and receiver.

The injection method is the coupling capacitor-based injection and the injection sequence
is as per that shown in the Fig 6.9. Fig 6.16 shows the case when all segment lengths of the
default Myers Road SWER network is multiplied by a factor of two. As shown in Fig 6. 16,

signal strengths get weaker when the network size is increased. This is more noticeably at
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higher frequencies. For example, at 50 kHz, the change is only -3.15 dB, but at 150 kHz,

deviation increases to -28 dB; significantly larger compared to 50 kHz. Hence, the higher

frequency tones are clearly more impacted by an increase in network size.

Table 20 : System Simulation Parameters 2

Simulation Parameters

Value

Injection Method

Coupling Capacitor

Configuration/SWER TR Type

Isolated/270 MVa 1 LVa

SWER Network Height

6.7 meters

ASG Setting

5V RMS

Size

Original Myers Road Network

10.2 km network; 3.6 km between RX and TX

Network Scaled by Two

20.4 km network; 7.2 km between RX and TX

Network Scaled by Three

30.6 km network; 10.8 km between RX and

X

Signal at the Receiver
0
50 kHz 110 kHz ‘ 130 kHz ‘ 150 kHz
-70.6 dB 60 kHz -90.4 dB -93.53dB -100.4 dB
50 -75.19 dB

__ -100
m -
) 6745 dB ) (s
(O]
o -150
g
S (-6381d8) | (-69.78dB)

-200

<10.2 km SWER network; 3.6 km between RX
\ \ | \ \ \ ! \
-250
QZOA km SWER network; 7.2 km between
_300 L1 1
40 80 120
—_ gi(‘\;l;SDFl’aEg(i(al:‘ﬂOlRTj,1lX)O,0‘10‘O;1,0;Ll,O,O,O,LO)l) Freq ue ncy (kH Z)

160

Fig 6.16: Simulation of the Myers Road Network (Size x 2).

Similarly, Fig 6.17 provides a comparison between the default Myers Road SWER network

case and the same network enlarged by a factor of three. The markers show the predicted
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signal strengths at the receiver for the enlarged network case. The yellow coloured notes
show the signal strengths that were computed for the original network. The results clearly
demonstrate that higher frequency carrier tones would suffer more from attenuation in a
potentially larger network. For example, at 50 kHz, the change is -17.42 dB whereas at 150
kHz, the change is -48.96 dB. Therefore, in larger networks, a transmission bandwidth in the
lower frequency band of the CENELEC standards can be considered, though it can also add

some noise at this lower band PLC propagation
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Fig 6.17: Simulation of the Myers Road Network (Size x 3).

6.6.3  Case Study-I11: Impact of TR Loading

This section simulates the designated SWER network for the 270 Q MVa-to-1 MQ LVa
SWER TR case. Table 21 shows the summary of the simulation parameters. The injection
method is the coupling capacitor-based injection and the input sequence follows the similar

pattern shown in Fig 6.10.

The received signal with different SWER transformer loading condition as shown in Fig
6.18 conceals that, the SWER transformer loading has no major impact on the signal
strengths. The notes of yellow background show the signal strengths expected at the receiver
when all SWER transformers are terminated by a 1-Q load at the L'V secondary. The markers

show signal strengths expected at the receiver when the model is changed in such a way that
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the 270 MVa-to-1M LVa SWER TR model is used. As shown, there is no noticeable
variation between the two cases.

Table 21 : System Simulation Parameters 3

Simulation Parameters Value
Injection Method Coupling Capacitor
Configuration/SWER TR Type Isolated/270 MVa-to-1M LVa
SWER Network Height 6.7 meters
ASG Setting 5V RMS
Signal at the Receiver
0 z z 110 kHz
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Fig 6.18: Isolated Myers Road Network Simulation (270 MVa -1M LVa TR) case.

6.7 Discussion of the above Results

All High-Frequency (HF) models, developed in this study, included offline models
derived from HF Touchstone data (s-parameter recordings) recorded by a Vector Network

Analyser (VNA) when the components under test (SWER distribution transformer, and
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SWER isolation transformer) were de-energised. The PLC signal strength for the isolated
SWER network is higher than the energised SWER network. This implies the fact that in
energised SWER network, PLC signal penetrates through the isolation transformer.
However, the close match between the predicted and measured signal subcarrier strengths
for both the energised (online) and de-energised (offline) cases (as shown in the Fig 6.12
and Fig 6.14) evidences accurate modelling. Conclusions drawn from the analysis of the

isolated Myers Road AWR model can be summarised as follows:

¢ Inthe energised SWER network, a line trap could be used on the HV side before the
isolation transformer to block PLC signal transmission into the 22-kV multiphase
grid and to keep the signal strength higher within the SWER network. This will also
block noise from the grid improving any correlation functions at the receiver.

e Signal strength predictions by the AWR model are within 2-3 dB of the actual
recorded measurements from the 7" of August 2018 test for the isolated (de-
energised) SWER network tests. Similar deviation, from the field tests results on the
14™ of December 2018, in the order of 2-3 dB has been observed in the signal
strengths by the AWR model predictions for the energised network.

e The transformer loading and conductor height above ground have negligible impact
on the attenuation of the HF signals. The SWER transformer loading was seen not to
have a major impact on attenuation and hence it does not impact the accuracy of the
model compared to real world measurements.

e The network size impacts signal strengths more noticeably at higher frequencies. For
example, when the Myers Road SWER network size was grown by a factor of two,
there was only -3.15 dB change at the 50 kHz subcarrier tone and a -27.96 dB change
at 150 kHz subcarrier tone. For the Myers Road SWER network, when its size was
grown by a factor of three, the change was -17.42 dB at the 50 kHz subcarrier and -
48.96 dB at the 150 kHz subcarrier.

e Along with the above an important point to be mentioned, this research has been
mainly focused to analysis the feasibility of the PLC technology to be used for fault
detection in a SWER network. Therefore, data communication was not a concern at
this stage. Hence, phase analysis of the signal has not been included in this work.
But, in future that could be a definite matter of interest.
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6.8 Various Faults of SWER line

The construction of SWER line is not like the conventional power transmission line.
SWER line consists of a single line that runs through hundreds of kilometres through forests
and the countryside. Therefore, the faults in SWER line are different in nature. The faults in
SWER line can be mainly classified into the following three types such as a line to ground
high impedance faults, low impedance short circuit faults, conductor breakage and open
circuit fault. This section presents modelling of HIFs, low fault impedance short circuit
faults, and open circuit situations in the Microwave Office platform to be embedded into the
case study network to study their impacts on the PLC transmission with regards to the

spectrum of the received signal and forward complex transmission coefficient (Sz1).

6.8.1 Short Circuit Faults and Open Circuit Faults

SWER line runs through forests with abundant vegetation with high tension on the
conductor. Generally, a line to ground fault on the SWER transmission line could occur
when the conductor drops to the ground or contacts the tree branches or vegetation. The line
to ground fault can be a line to ground HIF or a low impedance short circuit fault. Such types
of failures may occur in power system due to many reasons such as high-speed winds, falling
branches off a tree, lightning, and etc. In the cases of open circuit fault, a conductor may
break due to the contact of falling tree branches disconnecting the source and load ends, but

it fails to make contact with any low-impedance or high-impedance surface.

6.8.2 High Impedance Faults

A High Impedance Fault (HIF) is one of the most frequent faults that occur in the SWER
line. It occurs when there is vegetation contact to the conductor, and the conductor breaks
contacting a high impedance surface on the ground. A high impedance ground fault may
occur when the energized phase conductor makes an unwanted contact with surfaces of low
conductance such as the road surface, sidewalk, lawn or tree branch. HIFs represent one of
the most difficult problems for fault detection in the power transmission and distribution
networks. In the context of a power network, HIFs are short circuits between energized parts
of the power system that are hard to detect using traditional protection relays since these
faults draw very low currents and they are hard to be differentiated from potential load

increases.
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Fig 6.19: Fire creates due to HIF on trees [121]

The most common physical mark of the HIF is the way that it frequently generates electric
arcs, which lead to fire ignition on the vegetation. This kind of faults can be called as high
impedance arcing fault. The arc starts once the value of the voltage of the conductor touching
the surface or vegetation surpasses a voltage limit, known as break down voltage. Therefore,
the arc extinction occurs once the voltage moves down to the break down voltage. In each
cycle, the HIF results in at least two arc re-ignitions and two arc extinctions. In addition to
the low current magnitude and accompanied arc, a HIF results in several physical and
electrical characteristics such as intermittence of the arc, asymmetry in the current
waveform, randomness and non-linearity in current magnitude, extreme low and high
frequency components in the current and voltage waveforms etc.[122-124]. Fig 6.19 shows

a fire scene after the occurrence of a HIF.

6.8.3  Conventional Power Line Protection Schemes and HIF Challenges

Conventional protection schemes like-over current, directional over current, distance
protection, line current differential protection etc. are currently being popularly used in
power line protection schemes. Few communications signal-based pilot protection scheme
like Directional Comparison-based Blocking (DCB) and the Permissive Overreaching Trip
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(POTT) type protection techniques are being used in pilot basis in some places [125, 126].
The DCB protection method uses the directional relays in different terminals of the network
and adopts PLC equipment to transmit signals to the protection zone. In short, if there is a
fault occurring in the reach of forward direction of the relay, the signal will trip the relay.
On the other hand, if the faults occur in the range of reverse protection relay, it will protect
the zone by sending a trip signal. The reverse terminal PLC device will also send a blocking
signal to the forward direction relay and controls the trip of the network [126] . The above
traditional protections schemes can detect all the symmetrical and asymmetrical line faults
by considering the difference between voltage and current of various phases. The fault
current of HIF is very low and therefore it is difficult to detect these faults through
conventional protection devices such as distance or overcurrent relays. Besides, in cases
when transmission network contains a variety of connected nonlinear loads, the detection of
such a fault is even more challenging, because HIF currents and nonlinear load currents may
have similar RMS values. Hence, it is becoming very difficult for the conventional devices
to make a distinction between HIF current and rated current of nonlinear loads to detect these

faults.

The nature of HIFs is complex. For example, when the conductor first strikes the high
impedance surface, arcing will develop. Often the strike will not be clean, and many strikes
occur simultaneously, which will cause multiple arcs. Even when the conductor and object
has physically settled, the contact between the two is often not adequate to pass electricity
without some arcing between them. The arcing identifies itself as a high frequency voltage
spike or RF transient that can be potentially detected down the line. This depends upon the
magnitude before intrinsic characteristics of the line to filter it out. The poor connection
between the conductor and grounded surface gives rise to an intermittent conduction
scenario adding to the earth fault signature. Many methods have been trialled to cover all
possible scenarios of HIF [49, 51, 52]. However, due to the variant nature of HIFs and load
profiles, these faults are difficult to detect effectively by the common detection techniques.

The main concern of HIF detection is the detection of arc over the power line, because
arching is a consequence of HIFs. The detection of the arcing itself could present an
opportunity to detect HIFs and protect against bushfire ignition. There are three main
approaches for detecting arcing. These include frequency domain methods, where periodic
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Fourier transforms are applied to current and voltage signals and compared to known arcing
spectral signatures [121, 127-129].

Table 22: Different HIF detection methods with associated shortcomings

Selection HIF Short comings
Criteria technigues
Measurement Current Current transformers are used to measure the line
measurement | current. The informative part of the HIF current would
be lost before reaching the processor which makes
this technique less efficient.
Voltage The current magnitude of HIF is very low which
measurement | creates negligible voltage drop, which may not be
detectable by voltage measurement technique.
Current and | This technique requires other facilities like GIS and
voltage other remote sensors which makes this economically
measurement | less viable.
Magnetic This method provides more reliable results but still
field intensity | not feasible in terms of complexity and excessive cost.
Analyzing Time domain | This technique considers an infinite frequency
Domain window while analyzing. It results in the loss of
critical frequency domain information, decreases their
ability in accurately extracting the HIF signature.
Frequency Narrow high frequency transient is a challenge to use
domain frequency domain in HIF detection.
Hybrid Hybrid domain methods require high computational
domain capability compared to the other domains.
Simple The complicated nature of the HIF often necessitates
Classifier threshold more complex classifiers which is out of the scope of
simple threshold method.
Threshold This method requires bigger memory and it cannot
and counter identify the volatile HIFs.
Artificial Observations in each layer and huge number of
neural iterations diminish the objectivity of the ANN based
Other Beyond the above other classifier such as fuzzy,
classifiers Neuro fuzzy etc. are higher state of productivity in
identifying the HIF. But the complexity and
requirements high computational resource are main

Time domain methods, which compare certain aspects of voltage and current waveforms
to known arcing waveform signatures, are also widely utilised. Non-conventional methods
such as wavelet analysis, are growing in popularity, where time and frequency domains are
plotted against each other and compared against known arcing signatures. Therefore, the
main theme of power line protection scheme is the efficient detection of HIFs signature.
Unfortunately, these similar signatures also appear when various types of loads are present

on the line. Modern power electronics devices such as inverters and motor controllers can
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exhibit similar signature to certain HIFs. As a result, most of the techniques are being proved
inefficient in detection of critical HIFs of power line. A comprehensive summary on HIFs
detection techniques published by different authors [121, 123, 127, 130] have been included

in Table 22, which also includes the shortcomings of all the methods.

6.8.4 Arc Resistance and High Impedance Fault Models

The occurrence of a HIF is closely associated with an arc, which is a biproduct of the
faults. HIFs naturally initiates arc and in most of the cases, bush fires may start because of
the undetected arc persisting on the power line. To characterize the HIFs, a lot of researchers
[131-133] used arc resistance models. The characteristics of the arc resistance is dynamic,
so it varies with parameters such as the fault current, arc length and the circumstance of the
fault scenario. The researcher Andrade [131], has summarized some of the well-established

equations for the arc resistance, which are given below:

RA1 — 287(;;.;35><L (61)
Rpz = wm}ﬂ (6.2)
Ris = (Z2+27) x1L (6.3)
Ras =% (6.4)
Ras = (BE2+22) <1 (6.5)
Rys = 2204 (6.6)

I

For all the equations R, stands for the arc resistance, L is for the arc length and I is the
fault current. To establish these equations, researchers such as Warrington [134, 135] and
Terzija [136, 137] did extensive experimental works considering different voltage levels,

various fault situations, diverse weather conditions, and circumstances.

Considering the dynamic characteristics of the arc resistance, several researchers [138-
140] have developed HIFs models to use when analysing network performances. These

models consist of various diodes, DC sources, and multiple resistor combinations and are
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able to exhibit the equivalent dynamic HIF resistance. Some research works [141, 142] have
reviewed various HIFs models. Amongst those, few well-established models are shown in

Fig 6.20. Any of these given circuit models can be used to represent HIFs in network

simulation.
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Fig. 6.20: Various HIFs models [141]
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It has been mentioned that, the impedance characteristics of HIFs is dynamic and
nonlinear which depends on the arc-length and extinction time. All of the above diode-based
models intend to represent this dynamic character of the HIF resistance [49, 143]. Models of
Fig 6.20(a) to Fig 6.20(c) are purely based on diode configurations, where DC voltage
sources like Vi, Vp, Vi, Vi are used to replicate the arcing voltages responsible to initiate
the faults. The resistances on the models (R and Rp) are used to build the arc resistance
between the fault contact and vegetation, or other high impedance surface. Fig 6.20(d)
represents a TACS algorithm-based HIF fault model, which basically senses the fault current
and voltage and use this algorithm to generate random fault resistances R1 and R2 as shown
in Fig 6.20(d). The dynamic changes in the DC voltage generates a randomly varying fault

impedance magnitude, which in turns create the HIFs fault signatures in the network.

6.9 Impacts of Faults on PLC Propagation

To observe the impact of the HIFs on the SWER network, an arc model developed by
Warrington [134] and an diode based fault model developed by Emmanuel [140] have been
re-build in the Microwave Office platform. Both circuits modelled using the Microwave
Office platform are shown in Fig 6.21. To analyse the network performance, the developed
fault models have been applied to the case study SWER network in subsequent section.

Warrington HIF model o e T

ID=R2 P=3
R=28707.35*L/I"1.4 Ohm Z=270 Ohm
lis the faullt current

Lis the Arc Length \/ \/ <

Ris the Arc resistance

R:1046 V=20V

PINDD
ID=P3

Emmanuel HIF model

®
Sub-circuited HIF model NETHE
in the Microwave Office 7 Rl e

Fig. 6.21: Various HIF Models in the Microwave Office
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For the analysis, the Myers Road SWER network has been replicated and the
Warrington Arc HIF model [134] has been applied between the Poles 13 and 14 of the
network. Fig 6.22 shows the Microwave Office replica of the Myers Road SWER network
with the high impedance fault incidence. In simulation of the arc fault model, fault current
has been chosen as 25 Amps and the arc length has been chosen as 0.33 m. HIF resistance
was determined as 100.4 Q. Similar parameters were also referred in following research

[131, 144]. Herewith, a list HIFs resistance and fault current are shown in Table 23.

Table 23 : High impedance fault currents and resistance [144]

Fault Currents HIF Resistance
Reinforced Concrete 35t0 80 A 90 to 200
Wet Grass 20 to 50 150 to 360
Dry Grass 10 to 25 290 to 720
Wet Sand 5to 15 480 to 1,500

In this network configuration, the line model, transformer model, transmitter-coupling
arrangement, receiver-coupling arrangement have been used as per the individual models
previously developed and discussed in the previous chapters. The network has also been
tested with diode-based fault model and similar performance has been observed.
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6.9.1 Impacts HIFs on PLC propagation

In this subsection, the impact of HIFs on network has been observed in terms of the
forward transmission characteristic as well as the PLC signal tone strength comparison. Fig
6.23 shows the S21 (attenuation graph) for the two network configurations with and without
the HIF, where the fault current has been taken 25 amperes. The curve without HIFs
represents an attenuation of -24 dB to -29 dB in the 50 kHz to 150 kHz PLC signal
transmission range. On the other hand, the S21 curve with the HIF shows a much larger
attenuation of -48 dB to -50 dB in the same range of PLC signal. The difference between the
two attenuation levels is approximately -20 dB in terms of S-parameter comparison. This
shows that when a HIF occurs on the network, it will draw the high-frequency signals
resulting in the potential loss of the OFDM signal at the receiver due to a poor signal-to-
noise ratio. Such a loss of the OFDM signal can potentially indicate the occurrence of a fault

and this information used to trigger the operation of the circuit breaker.

Attenuation with HIFs and without HIFs
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Fig. 6.23: S21 curve of Myer Road SWER network with and without a HIF

From these two attenuation values with average PLC input reference voltage (Vin), the

received output voltage (Vo) can also be estimated using Eq. (6.8)

Ly = 20log;o < dB (6.8)
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Table 24 shows the receiver end comparison of the received signal strength with and

without HIFs. The values of output voltage reveal the fact that, for a 5 V PLC signal input

voltage, output voltage at the receiver end will be very low (0.15 V) in a network penetrated

by a HIFs. In a healthy network, the received signal strength would also be double. This

abnormality in the signal voltage level at the receiver end will give hints about the existence

of the HIF in the network. A similar outcome has been observed with system level simulation

in case of a PLC signal strength comparison, which compare the PLC signal tone strength

with and without the fault scenario. Fig 6.24 shows that due to effect of the HIF, the deviation

in the tone strengths is more than -20 dB. Therefore, while analysing the received signal

spectrum, such a sudden loss in signal strength can be linked to a HIF occurrence.

Table 24: Received PLC signals voltage comparison with HIFs and without HIFs

Cicuit Insertion Loss Transmission Received Signal
Configuaration Value Voltage) Voltage
With HIFs -25dB 5V =~0.15V
Without HIFs -50 dB 5V 0.3V
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Fig. 6.24: PLC signal tone with HIFs and without HIFs
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Though the reference referred to a higher arc or HIFs current, in some cases, the fault
current likely to be very low, for this reason another HIFs spectrum analysis has been done
with a lower fault current, which has been considered as 2 amperes. The spectrum has been

shown in fig 6.25.
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Fig. 6.25: PLC signal tone with HIFs and without HIFs

The new spectrum analysis shows the reduction in fault current, significantly reduce the
deviation between a faulty signal and normal signal. In current situation, the deviation is -
3.5 dB, whereas previously the deviation was more than -20 dB. However, still the sensitivity
between a signal with faults and without faults is enough to discover the HIFs signature from

the signal spectrum.

In this HIFs, case analysis, the PLC signal is considered to be propagating continuously
and the fault is considered to be of persisting nature. For example, a dry tree branch making
contact with a conductor, which will divert the PLC signal to the ground, which will reduce

the strength of the received PLC signal.

Therefore, by differentiating the level signal strength, any kind of disturbance in the
SWER line like change in load or HIFs can be identified. Table 25 shows the deviation in

signal strength due to a worst-case loading condition and two different HIFs impacts.
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Table 25: Attenuation measurement for loading and HIFs impact

Frequency Signal Attenuation | Signal Attenuation | Signal Attenuation
Components (kHz) for worst case with HIFs, Fault with HIFs, Fault

loading (1 Q) of current 25 A (dB) Current 3.5 A
SWER line (dB)

50 -67.39 -91.38 -71

60 -67.71 -93.04 71.85

70 -63.33 -88.54 -67.48

80 -63.77 -87.84 -67.58

90 -63.76 -87.07 -67.47

100 -62.32 -85.55 -66.12

110 -66.28 -89.37 -70.04

120 -63.81 -86.24 -67.3

130 -67.42 -89.7 -70.67

140 -69.79 -90.7 -72.99

150 -72.43 -93.11 -75.79

The values in the above table show that the impact of loading on SWER line is marginal
which has already been discussed in the previous section. But, in case of HIFs higher fault
current contributes to the higher attenuation. For example in the 25-A case, the average
deviation from the nominal signal is around 23 dB, whereas for the 3.5-A fault, the average
deviation goes down to 4 dB. Therefore, from the level of attenuation it can be easily

differentiated what kind of disturbance has happened in the network.

6.9.2 Impact of Open Circuit and Low-Impedance Short Circuit Faults

In the case of an open circuit fault or short circuit fault, the PLC signal will not reach to
the receiver end. If the conductor breaks, then the PLC signal cannot be transmitted over to
the receiver end. Alternatively, if a conductor makes contact with low impedance surface,
the PLC signal will flow to the ground rather than to the receiver end. Both incidents have

been analysed using the designated SWER network AWR model between Pole #13 and Pole
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#14. Fig. 6.26 shows the network section with the fault. Similar attenuation analysis has been
performed between the transmitter and receiver end forward transmission characteristic. The

measured S-parameter curve is shown in Fig 6.27 which points to complete loss of the signal.

_ High impedance fault
—L ! 5
+ =
ety - o
e *ﬁﬂ‘ LETT g % G
e R - tﬂm l=:"1:5- '%
T =ERER IR ‘::‘1.' )L )__.f" f} =3
g\ﬂﬁ 1 //j q*ﬂ'
e %
b B -
SEH, iG‘:n T >
! s g
s s POLE 18- 7 Eiis it
POLE 15 {  Fault Point POLFE 13
|
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Fig 6.27: Insertion loss curve of open circuit/short circuited SWER network
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6.10 Conclusion

This chapter has presented HF modelling of a SWER distribution network as the
communication channel for potential PLC applications. Narrowband modelling of an
exemplary SWER network was the main highlights. HF modelling of overhead conductors,
SWER transformers, a capacitive coupling circuit, and the receiver end measurement system
has been presented with the objective of incorporating all these distinct models into an end-
to-end system simulation model. All the essential network elements such as transformer
design, SWER line model, coupling circuit has been adopted from the design described in
the previous chapters. HF modelling of an entire network has enabled simulation of the
overhead network to predict PLC signal tone strengths for a number of cases including the
de-energised and grid connected network scenarios. Results show high accuracy between
the actual measurements and model predicted signal strengths with a mean error rate of 2.27
dB and 3.10 dB across the frequency band for the de-energised and grid connected cases
respectively. Some significant case studies have been carried out in this chapter, for example
on impact of conductor height, impact of different loading conditions, impact of overall

network size and various faults on the PLC propagation test have been analysed.

The findings of the case studies can be summarized as follows. PLC propagation has been
tested with two different standard pole height such as with 5.7 m and 6.7-meter, negligible
impact was found with the change of conductor height. To observe the impact of the
transformer loading on the PLC propagation, two extreme loading conditions of the SWER
distribution transformer have been tested including the 1 Q and 1 MQ cases. Secondary
loading had very low impact on the signal propagation. In the case of network size, network
size and the direct distance between the transmitter and receiver had significant impact on
the PLC propagation. For example, the attenuation of the received signal for the designated
SWER network of 10.2 km long was found around -67.45 dB. With a two-fold increment on
the network size, attenuation increases to -70.6 dB and with a three-fold increment, it
becomes -84.87 dB for a 50 kHz frequency component. The deviation keeps increasing with
higher frequency components like 100 kHz, 150 kHz etc. This chapter also includes a brief
modelling study on various faults of the SWER line such as the short circuit, open circuit
and high impedance faults. Emphasis has been given on HIFs, various HIF models have been

studied and impacts of these faults on PLC propagation over the SWER network observed.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

The originality and significance of the various aspects of the research outlined in this
thesis has been demonstrated by discussions and analysis provided in different chapters. This
starts with an updated survey which includes the internal description of some of the major
technical components of PLC systems such as various line traps, line tuner, drain coils,
coupling capacitor etc. Critical implementation challenges such as the frequency-based
impedance measurement, appropriate frequency band selection process, and coupling circuit
design have been addressed. Along with the challenges, other important factors such as
attenuation and the impact of network noise have been highlighted in the literature survey.
The findings addresses issues that are currently under major investigation from the network
community. The survey also provides some good directions for future research from an

industrial perspective.

Followed by the survey section, an off-the-self novel L-C impedance matching coupling
circuit has been designed, tailor built, and described in this thesis to inject PLC signals
through a commercial HV capacitor to the SWER line. The coupling circuit has been
described with specific circuit design and experimental validation. Results have been
represented in terms of attenuation and reflection characteristics on the specific PLC signal
band. The coupling circuit could be used for any kind of high voltage PLC applications,
therefore the design offers a starting point for the future PLC based 10T research or any other

application area such as broadband ADSL.

In the SWER line modelling section, three different types of SWER conductors have been
modelled using an analytical approach considering all the necessary parameters such as the
conductor size, pole height, skin depth, soil conductivity etc. The line model has been built
in the Microwave Office platform and various analysis has been presented with respect to

attenuation and reflection characteristics of the conductors. Few significant observations
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have been developed based on the relationship of attenuation with frequency and length. For
example, at a constant frequency, it has been determined that the longer is length of the
SWER conductor, the higher is the attenuation. At a constant SWER conductor length, the
higher frequency carriers experienced higher attenuation. Besides, with an increase in length,
the attenuation of a SWER conductor changes at a higher rate with respect to the change of
frequency. All the other conductors also follow the similar mathematical relation with
length-based frequency dependent attenuation. These finding can be used as a benchmark in

future extension or up-grades of a SWER network.

In this thesis, a novel hardware-in-loop high frequency transformer modelling technique
has been developed which employs the use of measured s-parameter data to replicate the
frequency response of a SWER transformer with respect to various loading conditions of the
transformers primary and secondary windings. Along with the transformer model, a
simplified VNA based impedance measurement technique has also been described.
Impedance measurement and s-parameter transformer modelling methods can be used for
addressing future HF transformer research questions on winding fault detection, saturation

parasitic element value finding etc.

In the final chapter of this thesis, an end-to-end network model has been presented which
is simulated and findings compared with results from field injection tests. The thesis
provides the sophisticated PLC-transmitter side and receiver Data Acquision configurations.
The propagation tests were carried out in on-line and off-line modes. The minimal error of
few dBs between the test and simulated results justify the accuracy of network model. After
the justification of this accuracy of the network model, various case studies on the impact of
network size, impact of pole height, impact of transformer loading on PLC signal strength
have been analyzed considering largely the attenuation of the PLC signal. Based on the
undertaken case studies, some significant observations have been noted such as the pole
height and transformer loading having minimal impact on the PLC propagation over a
SWER network. On the other hand, the network size was determined to have a significant
impact on PLC propagation as perhaps expected. For example, a two-time expansion of the

network size was seen to increase signal attenuation by 20 dB.
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Along with the above chapter by chapter findings, some important points can also be
included about this research. For modulation in this work, OFDM is the utilised technique.
Other techniques can be applied, but commercial installation of this setup does not require
any proprietary standards because the designated frequency is in the well-established
CENELEC band, which is dedicated to various power line applications. About PLC coupling
technology, the HV-capacitor based injection is still the best choice due to the availability
of the capacitors, but some other options like the medium voltage earth side injections,

transformer’s low voltage side injections can be a matter interest in future.

This work has focused on all the intended set objectives presented sequentially in each
chapter. The discussion in all chapters was enriched with literary contents, technical analysis,
mathematical modelling, and experimental validations. Along with literary contents and
technical explanation, all significant contributions and critical observations have been
highlighted in each chapter. This work also provides some good directions for future
research and have its own merit from various industrial perspective. Thus, the work has

potential and could have long-term reference value.

7.2 Future work

The works undertaken shade light on various significant technical aspects of PLC based
system applications with a lot of scope for future research. Though the research is based on
the specialized Australian SWER distribution network context, it has global appeal as SWER
networks are popularly used all over the world in different parts of the world. These include
African countries such as South Africa, Uganda, Kenya, South Asian nations like India,
Nepal, Bangladesh, and South American countries such as Brazil, Chili, and some parts of
the USA. In the presented survey, the identification of the critical challenges such as the
importance for frequency selection, issues related to the coupling circuit design, noise
encounters with measurements, digital transmission techniques have been highlighted.

These are all different dimensions of future work that require further attention to.

Along with the literary findings, this thesis also highlights major observations in each one
of the chapters. For example, in Chapter 3, the consideration is on the development of a HV-

coupling capacitor matching circuit. Besides presenting design and development using off-
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the self-components, the work presented also revealed knowledge gaps. Future work could
focus on the development of a coupling circuit avoiding the HV-capacitor, which would
reduce the cost of the coupling circuit significantly. This could be carried out in future works
because an innovation of this nature would be ground breaking and could advance the uptake
of PLC applications in communication signal based loT applications like remote load
controlling, and plug in electric vehicle energy management.

The methods of SWER line modelling could be a benchmark for future frequency-based
power line modelling applications. This work had presented some mathematical analytical
analysis of the SWER conductor behavior; for example its frequency-dependent attenuation
characteristic. These findings will be helpful for future research in extending, developing
and modelling SWER networks of any size. The developed models could also be useful

towards future load modelling and energy management of SWER networks.

The works done in the field of SWER transformer modelling is also very significant for
any future work. The simplified impedance measurement method could be applied for any
transformer winding impedance measurements. The development of the touchstone file
based SWER transformer modelling with respect to various loading conditions is also very
significant in driving future high frequency transformer research. This method would help
researchers in avoiding the high configuration CAD software based complex models to find
out the parasitic element and frequency response analysis for a transformer. Along with this
specific finding, the proposed ideas could be adopted for any kind of lab-based MRI and

power line integrated electromagnetic research.

Presented network PLC propagation tests and related case studies are some of the most
significant aspects of this research and offer the best potential for future expansion. The test
results have justified the real-time applicability of the developed models on the successful
transmission and reception of the PLC signal with a predicted strength over the network.
This has validated the undertaken modelling and its feasibility in being used as a foundation
to assess power system communication channels for any sort of PLC-based application.

This work has also discussed the various faults that could occur on the SWER network.
A well-established HIF fault model has been developed and applied to the Microwave Office

based SWER network model. The impact of a HIF occurring on the network has also been
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visualized by studying the simulated spectrum analysis. The spectral analysis has shown that
the PLC signal strength gets reduced, when faults occur, a significant amount that can be
identified as an abnormal situation. Herewith, other conventional fault situations such as the
open circuit and short circuit faults are also clearly noticeable from the signal behavior and
strength. Experts are struggling to find conclusive solutions to the problems associated with
HIFs on power distribution networks. The findings of this research could possibly open a
window for considering PLC systems in their potential application for fault detection in

multi-wire networks as well; a clear motivate for future research in this field.
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Appendices

Appendix A — Myers Road Network
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Appendix B — Myers Road Network AWR Model
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Appendix C — ACSR/GZ Data Sheet
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Aluminium conductors, galvanized steel reinforced manufactured to AS 3607 (ACSR). Powpow | 00485 | 0067 | CI97 | Bes 1773 | 18 | &1 078 | 13 %8s | 1348 | 1z | si12 | 1018 1325 |
Physical and Mechanical Properties Ira iw laas | o s [ Lo fe e (& s e [ e e |
Crosssectional Mikum Coeffcentof Reisin | 150 | 213 032 (B4 148 171 |65 132 159 95 182 [ w77 e |130 154
: ‘s‘luu josr 120 | oo 12 29 |z 92 | 1m0 |20 s a0 | 2e e |7 |28
Uil L oD Woind 0573 | 0771 | 0287 | 140 28 311 | 123 245 | 29 7 | 0 | 3w 13| 238 2
Aimond 34s | "ne 105 L] 193 - e S e S M A ke S A - e - —
Apicot e | a 126 & 193 . n
PR 2 Y59 5 poi Note: Cument ratings ore bosed to the following conditions
s | | N # Conductor tlemperalure fise obove amblent of 40T
aonone (= S ) ‘ & LI 173 ® Amtient o temp. of 35°C for summer noon or 10 far winler night
Chenry | 12 402 B4 il 192 = Direct salor rodiation intensity of 1000W/m2 for summer neon of 2610 for winler right
Grape W20 | 125 (120 T B " ) 635 ® 184 = Diffuse solor radiation Infensity of 100W/m for summer noon of zefo for winler night
Lemon wAM | 7300 20 w2 | 204 ) 184 # Ground reflectance of 02
Lychee R | 7825 ZEE ST iAo 108 & 184 = Emissivity of 0.5 for rurch o 0,85 for industriol d weo tor
| |
e wpmw | 1A% 245 385 1320 2 @ 104 » Solor absarption coefliclent of 0.5 for rurdl or 0,85 for industrial
Mange | S | 71300 7o | e | e 1 7 199 Crosssactor bt i
Orange | S4325 | 71325 23 506 1690 w7 7 199
Cive, 54350 | 7/350 318 | £ T 159 78 199
Pawpow | 54375 | 19225 338 672 240 178 7 20
Quince V175 | 4nas 53 e SR 127 136 139
Rasin 250 | 4250 75 344 195 204 13¢ e
Sulone | 4300 | 3ac0 90 | e 243 23 119 152
Wl 4375 | 3378 na 774 200 as ne 152
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Appendices

Appendix D — GMR Calculation Tables

CALCULATIONS - CONDUCTOR PROPERTIES

Contents - Calcdations — Conductor Properties

Below are properties of the conductors that are used in the caleulations in this manual.

Siranding Constant

Gren in Metal Manufactures Lid. Pubfication 5/81-October 1281, "Hembla®, Conductors for Overhead Transmission
and Distribution.”, Tabde &

Resistivity Constant

Grven in Metal Marufactures Lid. Publication 5B 1-Ocbober 1881, "Kembla®, Conduchors for Owerhead Transmission
and Distribution.”, Tabde

K, — Skin effect ratic — assumed 1o be 1.015 for all conductors.

Ko — Magnetic Effect Ratic - typically between 1.0 and 1.1. Given by ESAA Publication D{B)5-1938 - "Cusrent Rating of
Bare Overhead Line Conducters”, page 11

GMR

Geomedric Mean Radars, a function of the dimensions and magnetic properties of the conductor. |t is calculated by
using the following table:

Let d, = diameter of 1 sirand.

Total Number Of Gtrands | Nominal Diameter | GMR
3 [1+ 2043, 0.6770r.
7 3d. 0.7255.
18 By 0.7576r.
7 Ty 0.7881r.
B1 Bd, 0.7720r,

Where r. = nominal radius = radius of the conductor = nominal diameter [ 2,

These coefiicients of GMR came from “Electrical Charactenstics of Overhead Lines”, by 5. Butterworth, ERA:
Technical Report 074, 1854; page 25.

Mote that these values do not take into account type of material used in the conductor. This means that there can not
be any factor taken into account if the conductor has, say, a steel core.

AS 3851 - 1931 akso has a formula for the GMA. (given in appendix B).
It is the same. but with different coefficients for the GMR:

Total Number Of Strands GMR a5 gven by AS 3351 - 1821

3 0.3411r,

T 0.3265r,

1@ 0.9723r.

w 0.3800r

&1 0.387Er,

NOTE: these values were NOT used in the calculation of this manual. |t was decided that it s befter to kesp the values

consistent with the values as calculated previously, calculated with the formula from Butienmorth.

The impedance and woltage drop values using the 3 fomulze for the GMR [Butterworth, Kembla®, Standards) were
compared to each other. The worst case between the Kembla® and Buttenworth values was a 7.8% rise from the
Butterworth, for the Raisin low voltage positive sequence reactance. The worst case between the Standards and
Butterworth values was 3 —3.5% drop from the Buttenworth, for the Steel low voltage positive sequence reactance.
Conductor specifications are in accordance with Metal Manufachures Lid. Publication 5/81-October 1281, "Hembla®,
Conductors for Cverhead Transmission and Distribution.”

Too O This Seci
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Appendices

Appendix E — Coupling Capacitor Based Injection
Circuit S21/S11 Test Setup

CC_COAX be
port

270 Ohms
Coupling
Capacitor

CTBIA Coupling LP Filter
Circuit

CC_ground

_h i

VNA output port VNA Ch2
50 Ohm VNA 1 MOhms

VNA
USB_PORT
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Appendices

Appendix F — Coupling Capacitor Based Receiver Circuit

S21/S11 Test

CVvD
O
@
o
£ o3
< £= = CC_COAXPort -
o g Active Filter
N 38
600 Ohms PC
T CC_ground i
VNA output Ch2
port 1M Ohm
50 Ohm VNA VNA
USB_PORT
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Appendices

Appendix G — SWER TR S21/S11 Test

Swyo 0¢e

] [

VNA output port VNA Ch2
50 Ohm VNA 1 MOhms

<
<
©

ER

SWER TR

PC

.

VNA USB_PORT

-
<
)
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Appendices

Appendix H — Isolation Transformer S21/S11 Test

HVa
PC

MV
N 220 Ohm DEMO
o :
> o
o |E
R
j -
VNA output Ch2
port — yNA M
50 Ohm VNA USB
Port

bata Acquisition
ilw

Connection
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Appendices

Appendix | — PLC Signal Capture arrangement

Coaxial
0.5m

SWER Transformer Signal Injection Test

12.7kV SWER conductor

4 Amps Fuse

GPO

.........................

: SWER TR Low Voltage Winding Injection and Coupling Circuit *

Electrical Plug

Input]

TP OUT1
HP OUT 2

LP OUT

GND 0sC

E

MV Earth LV Earth

RG58
Coaxial

RG58
Coaxial

0.5m

im

Coupling RGS8
Circuit
RG58
RG58
Signal "
Generator Filter
Customer
1 Load
Gen 3i
Logger

F/O

.........................

\ 80 Amps Fuse
PLC Filter  f———)

HF Digitiser
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Appendices

Appendix J- CVD theoretical concept

—> lc
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