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Protection of Falling Conductors into Flammable Vegetation Faults

Vivek Adithya Jayaraman

(ABSTRACT)

Increasing modernization of the world have brought about a human component to natural
disasters, which are exacerbated by the growing threat of climate change. Western United
States and Australia have witnessed the some of the deadliest, costliest, and destructive
wildfires in the recent past with downed electric power lines being a significant factor amongst
the causes. The relationship between wildfires and power lines is not a newly discovered
phenomenon, however, utilities across the globe are struggling to find an optimal solution to
this problem. While existing regulations allow utilities to schedule power shutdowns, they
are often accompanied by massive financial losses and discomfort to consumers. Utilities also
need to factor in the climatic conditions in the region of their service and the flammability of
the vegetation surrounding their lines while making decisions pertaining to system planning,
load shedding and protection. This multi-faceted problem can be dealt in multiple ways: one
such technique involves detection of a falling line into sensitive vegetation before it encounters
the earth. This approach essentially boils down the problem into detecting a single line open
circuit fault. The open circuit is momentary and hence, speed is of the essence in such a
protection scheme. In this thesis, detection of an open circuit is carried out in two different
ways, viz., with and without communication support between the various elements of the
system, with the latter technique being an novel proposal with the aim of achieving a secure
protection scheme with minimal additional infrastructural requirement.
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(GENERAL AUDIENCE ABSTRACT)

The contact of a live wire with earth is a fault. While most faults can be cleared using
traditional protection techniques, there is a higher risk associated with power lines that
come in contact with dry surfaces, flammable plants and bushes, which cannot be detected
that easily. These surfaces offer a very high resistance to the flow of current and are hence
termed high impedance faults. These high impedance faults have the potential to spark and
cause a fire, which can snowball into a wildfire depending on the geography and climactic
conditions of the area. For years, this has been a major problem in places like Australia
and California leading to loss of lives, power and money, but the optimal solution is evasive.
While several techniques to combat this problem exist, the focus of this thesis is essentially
what is known as the Open Circuit Fault. The technique revolves around detection of the
fault while the falling conductor is midair. Given the short time frame, high speed detection
is of the essence. This thesis will focus on achieving open circuit detection without the need
for any communication support and is a novel contribution to this field.



Dedication

This work is dedicated in memory of my grandmother, N. Jayalakshmi.

v



Acknowledgments

Completing my Master’s has been a very arduous task, fraught with unexpected personal
and professional challenge I woudnft have imagined. First and foremost, I pay my sincerest
gratitude to my advisor Dr. Virgilio Centeno.Your constant support, encouragement and
guidance was invaluable. I really appreciate the freedom and flexibility you offer your stu-
dents. I would like to thank my committee members Dr. Vassilis Kekatos and Dr. Jaime
De La Ree whose courses on Distribution and Protection respectively instilled great interest
and passion in this field for me. I enjoyed your classes immensely.

I would like to thank Minerva, Becky, JoAnna and Laura of the ECE Administrative staff
for helping me out on many things. I am also very grateful for all the administrative support
provided by Victoria, coordinator of PEC. I would also like to thank Roddy in ECE IT
Support for his technical assistance. I would also like to thank the University Librarians -
Larry, Edward, Ellen and Bruce for helping me find the right literature.

I am really grateful for some of the lovely friendships and connections I made with my
fellow graduate students in the group - Sanij, Sagar, Pratigya, Yousef, Siddharth, Alok,
Mana, Nitasha, Ruoxi, Carlos, Jenny, Genesis, Manish, Anaga and Sherin. To Tapas and
Suchi, thank you very much for answering my million questions. To Ardavan, I am very
grateful for your help with PSCAD. To Rounak, thank you very much for being a great
mentor.

It would be remiss to not thank my roommates - Akshay, Arpit and Subhash for mak-
ing me feel at home in Blacksburg. It would be impossible for me to be at this stage without
the social and emotional support of my friends - so, thank you very much, Hariharan, Partha,
Sowmya, Sahana, Manasi and Steph.

It goes without saying that my biggest thanks go to my parents, Jay and Kamala. You
have been my strongest support system. I’d also like to thank my grandparents, aunts,
uncles and cousins for their help and support and keeping me in their prayers.

A special shout-out to Coffee for powering me all my life. Every single word of this thesis
was written under the influence of strong Madras filter kaapi.

Finally, to Sangeetha. Words cannot express our friendship and how much your support
has meant to me in the last 2.5 years. Even during some of the darkest times, you ensured
the sun never really set. Thank you for being the best possible friend one can ever ask for
and being there for me in every step of the way.



Contents

List of Figures viii

List of Tables X

1 Introduction 1

1.1 Existing Policies and Regulations on Fires . . . . . .. ... ... ... ... 2

1.1.1 Regulations in Australia . . . . .. ... ... ... ... ... .... 3

1.1.2  Regulations in the United States of America . . . . . . .. ... ... 6

1.2 Origins of Powerline Induced Wildfire . . . . . . .. .. ... ... ... ... 6

1.21 Downed Lines . . . . . . . .. .. 7

1.2.2  Effect of Vegetation and Surface Type . . . . . . ... .. ... ... 7

1.2.3  Miscellaneous Factors . . . . . . . ... ... oL 9

1.3 Contributions and Outline of Thesis . . . . . . .. .. ... ... ... ... 9

2 Review of Literature 11

2.1  Empirical Relationship Between Power Lines and Fires . . . . . . .. .. .. 11
2.2 Existing Policies and Regulations on Fire Risk Management and Vegetation

Control . . . . . . . 12

2.3 Prior Work . . . . .o 12

2.4 High Impedance Faults . . . . .. .. .. .. ... ... 0 . 13

2.5 Open Circuit Faults and Detection . . . . . ... . ... ... ... ..... 14

3 High Impedance Faults into Flammable Vegetation 15

3.1 Problem Definition . . . . . . . ... 15

3.2 Detection of High Impedance Faults . . . . .. ... ... ... ... .... 16

3.2.1 The Discrete Wavelet Transform . . . . . . . .. .. ... ... ... 16

3.2.2  Fault Detection using DWT based MRA for HIF . . ... ... ... 18

vi



3.3 Differences between HIF and Conductor into Vegetation Faults . . . . . ..
3.4 Case Study - 154 kV Transmission Line . . . . . . . ... ... ... .....

3.5 Problem Development . . . . . .. .. ... L

4 Communication enabled Open Circuit Detection

4.1 The Open Circuit Scenario . . . . . . . . . . . .. v

4.2 The Two Bus System . . . . . . . . .. .. .
4.2.1 Initial Results . . . . . . . . . ..o
4.2.2 The Five Bus System . . . . . . . .. ... oL

4.3 Implementation on the IEEE 9 Bus System . . . . .. ... ... ... ...

4.3.1 Results . . . . . . e
4.3.2 Detection and Tripping . . . . . . . . . . ..

4.4 Limitations . . . . . . . .

5 Local Detection of Falling Conductors
5.1 Imtroduction . . . . . . . . ...

5.2 The Two Bus System . . . . . . . . . ..

5.2.1 Discrete Wavelet Transform Settings . . . . . ... .. ... ... ..

5.2.2  Unbalanced Two Bus System . . . . ... ... . ... ... .....
5.3 The IEEE 9 Bus System . . . . . .. .. .. ... ..
5.3.1 Inmitial Results . . . . . . . . ... oL
5.3.2 Trip Settings . . . . . . ..
5.3.3 Protection Algorithm . . . . . . . .. ...
5.3.4 Detection and Tripping . . . . . . . . . . ... L.

6 Conclusion and Future Work

Bibliography

vii

23
24
25
26
27
29
30
31
31

33
33
34
34
36
38
39
40
42
43

47

49



List of Figures

1.1
1.2
1.3
1.4

3.1

3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

5.1

5.2

2.3
5.4

2.5

Implementation of Rapid Earth Fault Current Limiters. Source: [7] . . . . . 5
Downed Conductor Induced Fire. Source: [1]. . . . . ... ... .. ... .. 7
Average fire probability of various vegetation species. Source: [34] . . . . . . 8
Fault Current through various surfaces at 12 kV. Source: [39]. . . . . . . .. 9
The Discrete Wavelet Transform modelled a series of cascading high-pass and
low-pass filters . . . . . . .. 18
Flowchart of High Impedance Fault Detection using DWT. Source:[29] . . . 19
Sum of first level detailed coefficients of Fault current in a Phase A to ground

fault. Source:[29] . . . . . 21
Phasor Diagram of Zero Sequence Voltages. Source:[31] . . . . . .. .. ... 25
Two Bus System Implemented in PSCAD . . . ... .. ... ... ... .. 26
Zero Sequence Voltages and ROCOV measured by meters . . . .. .. ... 26
Five Bus System with Open Circuit between Buses Rand P . . . . . . . .. 27
Zero Sequence Voltages across the five buses inpu. . . . ... .. ... ... 28
IEEE 9 Bus system implementation on PSCAD . . . . . ... ... ... .. 29
Zero Sequence Voltage Magnitudes across Buses 4-9 . . . . . . .. ... ... 30
Rate of Change of Zero Sequence Voltage Magnitudes across Buses 4-9 . . . 31
PSCAD Implementation of Two Bus system with open circuit & high impedance
fault on Phase A . . . . . . . .. 34
6th Level Detailed Coefficients of Zero-Sequence Voltages and its moving
average over one cycle of power frequency. . . . . . ... ... ... ... .. 35

Trip Signal issued for an unbalanced system by analyzing the d4 coefficients. 36

Trip Signal and moving average d6 coefficients of a 2-bus system with open
circuit and high impedance fault on Phase A at 1296 kHz . . . . . .. . .. 37

d4 coefficients after trip signal clears the open circuit fault. . . . . . . . . .. 38

viil



2.6

2.7

5.8

2.9

PSCAD Implementation of 9-Bus system with custom designed DWT pro-
cessing module. . . . . ..

Sum of d4 coefficients of zero sequence voltages across all buses for an open
circuit between buses band 7. . . . . .. ..o L

Sum of d4 coefficients of zero sequence voltages across all buses for an open
circuit between buses 7and 8. . . . . .. ..o

Flowchart of Protection Algorithm . . . . . ... ... ... ... ......

5.10 Trip Signal generated at Buses 5 and 7 for an open circuit fault in Line 5-7 .

5.11 Trip Signal generated at Buses 4 and 9 for an open circuit fault in Line 6-9 .

X



List of Tables

5.1 Trip Thresholds and Bounds for Different Buses . . . . . . .. .. ... ... 42



List of Abbreviations

AEMO Australian Energy Market Operator
CPUC California Public Utilities Commission
DWT Discrete Wavelet Transform

HIF High Impedance Fault

MRA Multi-Resolution Analysis

NEM National Electricity Market

PBSP Powerline Bushfire Safety Program
PG&E Pacific Gas and Electric Co.

PMU Phasor Measurement Unit

REFCL Rapid Earth Fault Current Limiter
ROCOV Rate of Change of Voltage
SDG&E San Diego Gas and Electric Co.
SWER Single Wire Earth Return

x1



Chapter 1

Introduction

The year 2020, undeniably, will leave a lasting effect on humankind with a plethora of
disasters. While the most notable, and global, was the Covid-19 pandemic, the year also
witnessed the latter half of one of the worst bushfire seasons Australia has ever seen. The
2019-20 bushfire season in Australia resulted in a loss of at least one billion wild animals
with some facing extinction, 34 human lives, 2600 homes resulting in a burnt area of ap-
proximately 46 million acres (72,000 square miles, 11 times the area burnt down by the 2020
California Wildfires) and is touted to be Australia’s costliest natural disaster. [26]

These wildfires have catastrophic effects on the planet in a lot of way — human and animal
lives, property damage, ecological destruction, abnormal weather patterns in the surround-
ing area, rising temperatures, etc. Aside from direct damage to natural resources, they can
also result in depletion of water indirectly as well as cause destruction to electric power lines
resulting in severe outage for millions of customers. Sydney, Australia’s largest city, faced
the possibility of a blackout after the fires burnt down the New South Wales — Victoria
interconnect which resulted in electricity prices skyrocketing to A$ 14,700/MWh on the 4th
of January 2020.[32]

In the United States, utilities operating in California, such as PG&E, Southern Califor-
nia Edison, San Diego G&E etc., regularly schedule power shutdowns to mitigate damage
caused by wildfires. This practice is known as Public Safety Power Shutoff (PSPS) Events
[5] and they resulted in a loss of power for about 3 million customers in the year 2019
[38]. Consequently, PG&E received a massive backlash from the public. In September 2020,
PG&E had to cut off power to 172,000 customers as a pre-emptive measure[36]. Without
new, innovative technology to tackle the challenges posed by wildfires to power systems,
utilities have no other option but to opt for PSPS events to prevent further damage.

The relationship between wildfires and electric power lines is not one way. In the years
2011-15, Electric Power Lines were the third leading cause of wildfires in California, with
the California Public Utilities Commission (CPUC) estimating that 10% of the state’s wild-
fires are triggered by power lines [16]. Despite the seemingly low number, these fires are
frequent and severe which prompted CPUC to consider the possibility of breaking up PG&E
into smaller utilities[15]. Indeed, in the summer of 2018, the California Department of
Forestry and Fire Protection report at least 17 major fires caused by power lines, with the
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Camp Fire, caused by one of PG&FE’s downed lines, killing 86 people and destroying 14,000
homes.[23]

This situation is not vastly different in Australia as well. The deadliest bushfire in the
country’s history took place on February 7, 2009, mostly localized to the south-eastern state
of Victoria. Known as the Black Saturday Bushfires, it originated in Kilmore East [20], a
town just 65 kilometers north of Melbourne, due to the felling of a 2km section of an aging
power line operated by SP AusNet, resulted in the death of 173 people. SP AusNet and
Utility Services Group faced a legal class action settlement of 494 Million AUD, which was
the highest amount settled in Australian legal history[17].

While wildfires are common in many parts of the world, the causes and the extent of devas-
tation vary greatly. For example, fires in northwestern China and Canada are often caused
due to lightning strikes. In Africa, Central America and other places with extensive rural
populations and agricultural practices, the leading causes are animal husbandry and land
conversion burning. As power engineers, our focus should be to improve our power system
infrastructure and employ novel protection strategies to prevent power lines from inducing
bushfires.

This thesis will attempt to understand how power lines cause fires, how existing regula-
tions and technology affects the operation of power systems, the electrical characteristics
of the faults that lead to fires and how current protection strategies operate upon them.
These discussions will bloom into an analysis of a new, proposed protection technique that
can prevent these fires that operate with and without a communication network. Further,
the efficacy and pitfalls of this technique are discussed followed by concluding remarks and
bibliography.

1.1 Existing Policies and Regulations on Fires

It is now well established that power lines are a repeat offender in inducing bushfire across the
world, but especially in Australia and United States. Power utilities in these countries must
ensure that their lines are well maintained and does not contribute to fires. On the other
hand, they must also protect their own lines from falling prey to advancing fire fronts. Power
utilities must also focus on ensuring that their customers do not face interruption, but they
must do so safely with plenty of planning in advance. Utilities must perform this balancing
act skillfully, and hence, follow regulations laid down by local, state, and federal/central
agencies as well as the system operators. This section will examine the policies followed by
utilities in Australia with special attention to the state of Victoria and California, United
States.
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1.1.1 Regulations in Australia

Fires are common throughout the country, and electric power lines are responsible for some
of the most destructive ones in Australian history, regardless of the state. The focus of this
section, however, be limited to the region covered by NEM, which accounts for about 80%
electricity consumption in Australia and operates one of the world’s longest interconnected
power systems, stretching from North Queensland to South Australia.

Australia’s geography and population distribution prevent the NEM from being heavily
interconnected in comparison to the US Eastern Interconnection. Therefore, any large-scale
power disruption caused in any of the states, can lead to power transfer cut off to other
states, a blackout, or surging prices. For example, in 2020, the burning down of NSW-
VIC interconnect resulted in extremely high prices in Sydney. In 2016, a storm caused a
blackout[13] in South Australia, particularly affecting the city of Adelaide. The only two
inter-connectors to Victoria were affected, thus, resulting in blackout after frequency collapse
due to islanding.

The following subsections discuss the regulations adopted to fight against bushfires in terms
of vegetation surrounding the power lines, new technology used to minimize fire risks and
load management techniques on severe fire risk days.

Electricity (Principles of Vegetation Clearance) Regulations 2010

The Electricity (Principles of Vegetation Clearance) Regulations 2010 [8] define the legal
requirements of vegetation clearance around power lines. This regulation is a development
following the Electricity Act, 1996 and is applicable to the state of South Australia. This
regulation includes requirements for clearing vegetation around high voltage transmission
lines, low voltage distribution lines as well as legal safety limitations for planting trees near
power lines and legal requirements for emergency clearance of vegetation on high fire risk
days.

The regulation divides the responsibility of maintaining vegetation between two parties — the
network operator (SA Power Networks, the sole distributor in the state) and the owner of the
land depending on whether if the line services the occupant of the land. These regulations
also vary from region to region within the state, depending on their fire risk classification. For
example, in non-bushfire risk areas such as metropolitan Adelaide, the distributor may enter
into agreements with local councils to conduct tree-pruning programs [30] around public
lines.

For landowners and occupants who wish to plan trees, there are elaborate rules stating the
types of vegetation allowed, safe distance from the power line that must be maintained,
mature height of tree that must be maintained. These rules, again vary from region to
region as well as the voltage level of the power line, the insulation status of those lines etc.
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The regulations also expect distributors and occupants to observe a buffer zone in addition
to the clearance zone prescribed.

Powerline Bushfire Safety Program

Following the devastating bushfires of Black Saturday in February 2009, the Victorian Gov-
ernment established the Victorian Bushfires Royal Commission to plan for, prevent and
manage bushfires. The commission launched the Powerline Bushfire Safety Program [4]
(PBSP) with an aim to reduce bushfires induced by powerlines. The PBSP supervises 6
projects, committing AUD 750 million for a series of measures for 10 years and they are
summarized as follows:

o The Powerline Replacement Scheme aims to upgrade all basic infrastructure. This in-
cludes progressive replacement of all Single Wire Earth Return (SWER) lines and 22 kV
with aerial bundled cables or insulated overhead lines or underground lines.

o The Network Assets Project aims to upgrade the devices installed in various parts of
the network. It includes an upgrade to using remotely controlled Automatic Circuit Re-
closers which will be subject to different styles of operation. During the six weeks of greatest
fire risk, the reclose function will be disabled and during days of total fire ban, they will
attempt to reclose only once. The project also encourages the use of Rapid Earth Fault
Current Limiters, which will be discussed in detailed later.

o The Network Operations Project sets down rules for businesses to follow during days
of total fire ban.

e The PBSP also focuses on Research and Development projects to better understand the
threats posed by fires. These research fronts involve bushfire modelling and mapping, un-
derstanding the how powerlines can fail and create fires, developing new technology that can
minimize faults and improve the overall safety.

o The PBSP also funds local assistance infrastructure projects encouraging rural users,
especially in care facilities, to install back-up generators and rely on them in the event of a
blackout.

Rapid Earth Fault Current Limiters

Rapid Earth Fault Current Limiters (REFCL) are devices employed in Victorian power
systems to reduce the chances of downed power lines from arcing and inducing fires. REFCL
is the result of the Powerline Bushfire Safety Program [6] and work on the principle of
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resonant coils. According to Victorian PBSP, they have the capability to reduce powerline
fires by 50%. Theoretically, REFCLs are essentially a form of resonance grounding system
where a coil, tuned to network capacitance is installed at the substation. REFCL has the
capability to neutralize the fault current on the network within milliseconds, reduces the
voltage of the faulted phase to very low values, and raises the voltage level of the non-faulted
phases thereby re-routing power.

/l\ Ground/ Earth TRANSFORMER ) Ground/ Earth |
e e e <_ e‘ e e mﬂiﬁw. «<0.5 Amps
gons ZONE SUBSTATION - fissasiasnsssninien es shs sraas sas san s POWERLINE ..o ssimisminnd >

Figure 1.1: Implementation of Rapid Earth Fault Current Limiters. Source: [7]

The performance of an REFCL can be improved by supplementing it with an inverter and a
controller. The operating terminology for REFCLs without an inverter is considered “pas-
sive” and is considered “passive + active” when it acts in tandem with an inverter.

Under passive operating conditions, the arc suppression coil reduces the Line-Neutral voltage
at the substation transformer on the faulted phase and thereby suppresses the fault current.
Therefore, the unfaulted phases have a line-earth voltage roughly equal to pre-fault line-line
voltage.

Under “passive 4 active” operation, the residual current compensator injects phase-opposite
current into the neutral to cancel out the residual current across the coil and further pushes
the Line-Neutral voltage towards zero. In this case, the unfaulted phases have a line-earth
voltage exactly equal to pre-fault line-line voltage.

REFCLs are designed to deal with single line to earth faults. Although, they are the most
common types of faults, this technology may not work under double line to ground faults.

One of the key challenges that accompany the implementation of REFCL is the detection
of fault circuit and location. REFCL is designed to protect multiple circuits, and therefore,
identifying the faulted circuit becomes a challenge and power cannot be restored until it is
manually cleared. REFCL work better when the reclosing functions are deactivated for all
types of faults.
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1.1.2 Regulations in the United States of America

Wildfires in the USA are extremely common in the state of California and other Pacific
states. California is a part of the Western Electricity Coordinating Council and is served by
many utilities such as Southern California Edison, San Diego Gas & Electric, Pacific Gas &
Electric etc. They are all bound by regulations laid down by the California Public Utilities
Commission (CPUC).

Managing power line induced wildfires in California are much for difficult when compared
to Australia — the load centers are much more distributed and there are more utilities oper-
ating within the state, each with their own operating guidelines. However, CPUC has some
common requirements in terms of vegetation clearance [9] and expects the utilities to opt
into their Wildfire Funds programs and seek safety certifications.

The CPUC has Public Safety Power Shutoff (PSPS) programs[5]. However, it is not the
CPUC that mandates the shutoffs — they are exercised at the discretion of the utility serving
the area.

Utilities such as PG&E are following their own set of mechanisms to protect their service area
from fires, such as by having vegetation clearance programs, routine infrastructure upgrades,
better monitoring systems and of course, following PSPS.

As compared to the NEM in Australia, the CPUC guidelines are more vague and relaxed.
There is lesser research and development breakthrough to minimize fire risk, although San
Diego Gas and Electric have proposed a technique that will be explored in later chapters.
As recently as 2018, power lines are still responsible for a significant number of fires and
casualties in California. Utilities like PG&E are looking at the Victorian model of handling
fire risks and are studying REFCLs.

1.2 Origins of Powerline Induced Wildfire

We have established that powerlines can cause wildfires. However, it is important to under-
stand the exact cause of these fires. There are several factors that play in the escalation of
a benign downed conductor fault into a raging wildfire. The voltage and current level of the
conductor, nature of insulation, nature of surrounding vegetation, climactic conditions and
the impedance of the fault all play a decisive role in sparking a fire. Additionally, fires are
also caused due to other component failure, such as multiple automatic recloser attempts[24].
This section will attempt to dissect the various contributing factors of wildfires.
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1.2.1 Downed Lines

A simple case of a line falling to the ground is a Line-Ground fault. However, this is not
similar to a live wire accidentally coming in contact with a neutral wire or the transmission
tower. The difference lies in the impedance offered in the path between the line and the
ground. In the case of a live wire accidentally shorting with a ground wire, the impedance
is very low, and consequentially, the fault current is very high and traditional over-current
relays respond quickly. However, when a live wire falls to the ground, it offers a high surface
contact resistance. Therefore, it draws very little current and may often not be sufficient
enough to trip relays.

This results in a low magnitude, but dangerous amounts, of fault current seeping into the
ground for a very long time. This has the potential to spark fires on the ground. These
types of faults are known as high-impedance faults. The exact magnitude of this impedance
is highly variable, which depends on the nature of the surface in question, length of the line
that is in contact and the presence/absence of other obstacles such as a tree branch. High
Impedance faults are tricky to detect and require the use of sophisticated signal processing
techniques to analyze.

Downed conductors occur everywhere on the Earth, but not every one of them exacerbates
into a fire. The other factors determine this transformation. However, a downed conductor
is often the first in the sequence of events leading up to a fire.

Figure 1.2: Downed Conductor Induced Fire. Source: [1]

1.2.2 Effect of Vegetation and Surface Type

Vegetation around power lines are always a hindrance. They can unnecessarily encounter
live wires in various ways causing faults. A live wire hanging dangerously close to a tree can
give rise to a lot of momentary ground faults. These faults are momentary because the line
is not broken and the contact with tree branches is for a very short time. Therefore, they
are often cleared automatically and can easily be protected by recloser operations.
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When a tree branch falls on a line, but does not cause it to break, it provides a high impedance
path to ground and allows little current through it. However, since the line is unbroken, there
are current contributions from both ends of the line and it is possible for directional relay
elements to pick up this fault even if the current magnitude is below tripping settings for
overcurrent relays.

Tree branches falling in between two lines create a line-line fault. However, since this fault
does not involve any combustible material, other than the piece of wood in question, these
do not materialize into fires often. The piece of wood may burn and disintegrate, but it also
clears the fault in the process.

Therefore, the most significant effect of vegetation come into play when a line physically
falls to the ground and is in contact with highly combustible plants. Therefore, there are
elaborate regulations established by utilities to keep the right of way clear from combustible
vegetation.

Not all types of vegetation can give rise to fires. The fire risk depends on the flammability of
material, which is affected by moisture content, sap content, oil content, size of branches and
leaves. The following table contains the fire risk surrounding various vegetation. This table
is a part of the field tests conducted by the Victorian Powerline Bushfire Safety Program.[34]

Average fire

Species probability
Salix species (Willow) 1.00
Fraxinus Angustifolia (Desert Ash) 0.58
Acacia Mearnsii (Black Wattle) 0.57
Pinus Radiata (Radiata Pine) 0.55
Eucalyptus Baxteri & Obligua (Stringybark) 0.53
Eucalyptus Viminalis (Manna Gum) 0.50
Acacia Melanoxylon (Blackwood) 0.23
Cotoneaster Glaucophyllus (Cotoneaster) 0.21
Acacia Pycnantha (Golden Wattle) 0.10
Pittosporum Undulaturmn (Native Daphne) 0.07
Allocasuarina Verticillata (Drooping Sheoak] 0.05
Schinus Molle (Peppercorn) 0.00

Figure 1.3: Average fire probability of various vegetation species. Source: [34]



1.3. CoNTRIBUTIONS AND OQUTLINE OF THESIS 9

MATERIAL CURRENT
(AMPS)
Dry asphalt 0
Concrete (non-reinforced) 0
Dry sand 0
Wet sand 15
Dry sod 20
Dry grass 25
Wet sod 40
Wet grass 50
Concrete reinforced 75

Figure 1.4: Fault Current through various surfaces at 12 kV. Source: [39]

1.2.3 Miscellaneous Factors

While the nature of the fault and vegetation play a particularly important role, there are
several other factors and causes that can cause an electrical fire to escalate into a wildfire.
Dry winds, pre-existing drought conditions, hot weather also play a crucial role, and are
hence responsible for Wildfires being a seasonal event in Australia and the United States
rather than an all-year-round occurrence.

Other causes of electrical fires include repeated attempts to reclose a faulted line. The
multiple opening and closing can contribute to arcing between the recloser contacts. This is
the reason why, in days of high fire risk, power utilities often do not attempt to reclose their
lines as often. During Total Fire Ban Days in Victoria, especially with an REFCL in place,
the automatic reclosers are allowed only one attempt to reclose and are completely disabled
during the weeks of highest risk.

1.3 Contributions and Outline of Thesis

It is abundantly clear that preventing power line induced bushfires is a serious problem
that needs to be dealt with. Utilities in Victoria have moved forward into developing new
technology such as the REFCL because they believe frequent power shutdowns are not the
solution. Utilities in California are yet to take bigger steps in that direction and are still
relying on PSPS events as a reliable alternative, though not the most beneficial. Past work
on this topic focuses primarily on detection of, and protection against High Impedance
Faults. Recent work in Australia has dealt with the employment of a new device that has
the potential to neutralize such fault currents. San Diego Gas & Electric are working on a
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protection strategy that detects a falling conductor before it hits the ground. The approach
makes use of PMU measurements to capture voltage signal trends and decide to trip a broken
line, which is an open circuit, before it becomes a ground fault. This technique, however,
requires the use of sophisticated monitoring and communication infrastructure.

This thesis will combine the various aspects that have been explored in the past to devise a
new protection strategy that can detect falling conductors without the need for a communi-
cation network. The signal processing tools employed to deal with high impedance faults will
work in tandem with the observed characteristics of an open circuit to trip the line before it
hits the ground. This technique will be analyzed for its reliability by considering imbalanced
loads, load switching events, exposure to other fault types and will be implemented on an
IEEE benchmark, viz, the WSCC 9 Bus System. This thesis will also attempt to establish
some numerical settings that are required to ensure the protection is secure.

Chapter 1 introduces the problem, explores the origins of powerline induced fires and what
various countries have done to minimize risk. Chapter 2 explores the technical literature
behind these faults viz protection against high impedance faults, detection of open circuits,
effect of vegetation, and some mathematical techniques typically employed. The literature
review will also briefly study some fault classification techniques, as we will be importing
the results to fix numerical settings for our relays to design a more secure protection scheme.
Chapter 3 discusses high impedance faults and the signal characteristics; Chapter 4 discusses
the theory behind open circuit detection and replicates the work by San-Diego G&E on
tripping using PMUs. Chapter 5 introduces the new contribution and explores protection
against falling conductors by tripping them without a communication network. Chapter 6
concludes the discussion and leaves room for future work, followed by bibliography.



Chapter 2

Review of Literature

This chapter discusses the literature pertaining to this thesis. The organization of this review
follows the ideological flow of the thesis. The broad topics that this review cover include,
but is not limited to, the link between power lines and wildfires, policies and regulations
established to address the same, prior work done in this field, high impedance faults and
open circuit faults.

2.1 Empirical Relationship Between Power Lines and
Fires

Establishing the link between wildfires and electric power lines is the first challenge since it
essentially defines the whole problem. [16] reports instances of power line induced wildfire
disasters in the state of California.[23] [38] [36] highlights the statistics of human, financial
and utilitarian losses faced by the citizens and power utilities in California. [24] probes into
automatic reclosers as a potential source of California fires. [18] (authored by Congressional
Research Service) provides a detailed report into California Wildfires and discusses options
to improve the reliability of power systems.

[20] is a chapter from the official fire investigation report by 2009 Royal Victorian Bushfires
commission that details the proceedings of the Kilmore East fire that later results in a
costly and famous lawsuit discussed in [17]. [26] details the impact of the 2019-20 bushfire
season in Australia while [32] highlights the disastrous consequences faced by consumers
in the state of New South Wales when electricity prices went through the roof. Finally,
[13] documents the events pertaining to a blackout in Adelaide caused by floods, which is
essential to understanding the interconnections between Australian states.

Technical literature pertaining to this topic was scarce in journal and conference proceedings.
Most of the existing literature is present as news articles, inquiry reports and investigations
conducted by local, state, and federal/central agencies and power utilities. A more scientific
approach is taken by [1] where the theory behind this relationship is solidified. [19] presents
a detailed approach to arcing by fallen transmission lines.

11
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2.2 Existing Policies and Regulations on Fire Risk Man-
agement and Vegetation Control

Following the catastrophic 2009 Black Saturday Fires in VIC, Australia, the Victorian Gov-
ernment instituted the Royal Victorian Bushfire commissions to investigate the issue. This
resulted in the publication of a final report [11] and the eventual formation of the Power-
line Bushfire Taskforce which has published a series of recommendations [12] to the state.
One of the outcomes of the Taskforce was the Powerline Bushfire Safety Program which has
instituted a series of schemes detailed in [4].

From the perspective of vegetation control, the rules, and regulations from the state of South
Australia were obtained for review. [30], [8] provides details pertaining to planting, trimming
vegetation near lines as described by the state’s Electricity (Principles of Vegetation Clear-
ance) Regulation 2010. The regulation offers guidance in terms of responsibility between
public and private partnership in maintenance of vegetation and the type of vegetation that
can be planted.

In the United States, especially California, the rules for vegetation management is set forth
by California Public Utilities Commission in their official brochure [9]. [5] outlines the
CPUC’s recommendations behind frequent power shutdown events in California, while [15]
reports some possible administrative options mulled by CPUC.

2.3 Prior Work

From the perspective of real-life implementation of new technology to combat the threat of
wildfires, the Victorian government has taken several steps following the recommendations of
the Powerline Bushfire Safety Program. One of the biggest outcomes of the safety program
is the development of Rapid Earth Fault Current Limiters. [6] is the final report pertaining
to the various trial and testing stages of the REFCL, which essentially works based on the
principle of a Peterson coil. It is reported that the arcs can be prevented from developing
into a fire, if the REFCL manages to bring the voltage level down within 85 milliseconds.
While the REFCL is effective and is being studied extensively by Californian utilities, it
is not without limitations. [35] highlights some of the problems associated with REFCLs
including its inability to work with Double Line to Ground faults and its incompatibility
with Single Wire Earth Return systems.

The Powerline Bushfire Safety Committee has also conducted a few ignition tests on live
wires surrounding vegetation in a controlled atmosphere. [34] documents the results which
contains valuable data pertaining to fire probabilities in vegetation which is essential in our
discussions. Based on the publicly available dataset from these experiments, available at [3],
some interesting research papers have been published that are directly relevant to this thesis
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in a more academic sense.

28] uses the above dataset to detect High Impedance Faults occurring on sensitive vegetation.
The paper extracts high frequency characteristics using Discrete Wavelet Transforms of the
vegetation fault signatures. The resulting signal characteristic information is processed in
many ways before it is used in a boosted tree classifier. While [28] is groundbreaking in
its approach and results, it is hard to replicate the results in an American context because
of the differences in vegetation growth, wind patterns and general differences in the power
system. [28] also presents things from a more theoretical and analytical perspective, rather
than provide options or techniques to prevent fires from happening. [27] is an extension of
this research with sparse coding techniques for fault signature analysis.

2.4 High Impedance Faults

Conductor into earth faults that spark fire are essentially high impedance arcing faults. High
Impedance faults are difficult to detect using traditional over-current or distance protection
schemes due to the very low magnitude of fault current. [33] provides the most fundamental
research pertaining to detection of High Impedance Faults using wavelets.

[29] provides a method to detect High Impedance Faults using Discrete Wavelet Transforms.
The paper conducts an analysis on a 154 kV Korean Transmission line and extracts the first
order detailed coefficients to detect faults and observe the variation of these coefficients with
the distance of faults. [29] also discusses the choice of mother wavelet used for analysis.
Likewise, [14] provides a similar analysis that is more useful from a fault classification per-
spective. [14] uses a different mother wavelet and sampling frequency for its discrete wavelet
transform algorithm. The mother wavelet for this thesis is chosen based on discussions
provided in both papers.

Similarly, [39] is another DWT based approach to identifying High Impedance Faults on
distribution networks using microprocessor devices and contains information pertaining to
fault current levels across different vegetation and surfaces.

The choice of using PSCAD for simulations in this thesis stems from similar research per-
formed on the same platform. [42] provides a basis for carrying out the most basic HIF
detection on PSCAD. The algorithm used follows the one proposed in [29]. Likewise, [41]
discusses detection of downed conductors in distributions systems modelled as HIF and pro-
cessed using DWT in PSCAD. However, the detection algorithm is far more complicated
due to the use of Neural Networks.

One of the main drawbacks that could result in modelling a complex event such as line
arc induced fire using PSCAD is its faithfulness to real world scenario. [25] addresses this
conundrum about reliability of simulation methods and noise present in real world signals.
Using the results provided by this paper, we can arrive at conclusions regarding detection
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speed, accuracy and sensitivity of our analysis when compared with the real world. Therefore,
the results in this thesis stemming from simulation methods can be adjusted to real world
scenarios in accordance with [25].

2.5 Open Circuit Faults and Detection

The idea of analyzing this event as an open circuit fault was first carried out in [37], which
will be the crux of Chapters 4 and 5 in this thesis. [37], models this system using RTDS
and employs PMUs to measure data. The theory of analyzing zero sequence voltages was
discussed in [37], however it was not covered in detail. The exact algorithm is unclear since
the paper devotes a lot of attention to the communication and RTDS setup of the system.
[31] provides a stronger theoretical basis for the power system under a single open line.
[31] analyzes the zero sequence voltages, currents and direction of power along with phasor
diagrams in comparison with a healthy circuit in order to establish a stronger theory. [31]
also proposes a rather convoluted protection algorithm to detect open circuits, however,
this paper assumes the open circuit to last for an indefinitely long period of time and the
protection does not pay enough attention to speed.

The speed of protection in this scenario is crucial, for that, an estimate of the time spent
by the conductor midair important. On that front, [37], claims that a conductor takes 1s
to drop to the earth on a 12 kV system. [22] presents a complicated power line carrier
monitoring approach to estimate the sag of a line. Using the sag of the line, it is possible
to estimate the tension and hence predict the time taken to fall. For the sake of simplicity,
the method proposed in [22] has not been carried forward in this thesis, although this can
possibly contribute towards another notable source of error.

The implementation of all algorithms proposed in this thesis was initially carried out in a
classic 2 bus system. However, to test its efficacy in a more complicated power system,
the IEEE 9 bus benchmark was used. The 9-bus system is essentially an approximation of
the Western Electricity Coordinating Council’s power system. The details of the model are
available in [10] and its implementation in PSCAD was carried out with a previously tested
and validated model available in [2]. [2] presents the transmission lines approximated using
a Bergeron model, which is more suited for load flow and short circuit studies. Hence, this
difference in the line model contributes for another deviation from the real-world settings.

Another popular mechanism used to detect open circuits are using travelling waves, detailed
by [21]. This technique requires communication and is more suited to detect the location of
the fault in a transmission line.

This literature review is not an exhaustive list of available literature on this field. There are
multiple ways to improve this work. Reclosers can be included in this analysis since they
are notorious for fires as well. [40] provides a similar discussion on this topic considering the
impact of reclosers.



Chapter 3

High Impedance Faults into
Flammable Vegetation

3.1 Problem Definition

One of the biggest contributors to electricity induced wildfires is the impact of downed
conductors. At its simplest description, it is the physical contact of an energized power line
with the earth, which is classified as a single line to ground fault. Single line to ground faults
are universal and can often be easily picked up by traditional overcurrent relays or distance
protection schemes. However, a downed conductor that has the potential to arc and cause
flames is a very nuanced case of a single line to ground fault. There are several elements
that distinguish a simple Line-to-Ground faults from these kinds of “special faults”.

Firstly, a large number of single line to ground faults are short-lived and occur when an
energized phase accidentally comes in contact with the neutral wire or the tower. However,
these “special faults” develop into fires because they have a prolonged contact with the earth,
extending into several minutes. This prolonged contact is due to a very high impedance in
the path between the line in the ground due to dry leaves, bushes, tree branches etc.[1]

Secondly, the length of the conductor that is in contact with the earth plays a role in
determining the overall fault current. A longer section of the line touching the ground
means a bigger surface area for the current to seep through from the circumference of the
conductor. Therefore, the current flowing from the tip of the conductor to the earth will be
lower and increases the apparent fault impedance.

Due to the low current level, these faults are not picked up by over-current relays easily.
Inverse-Time characteristics ensure that the response time is very large (extending into
minutes) even if the magnitude happens to be just above the trip settings. The resultant
high impedance also places the operating point of the system well outside all three zones of
a classic mho-relay controlled distance protection scheme.

Therefore, at its core, a downed conductor into earth fault is considered to be a High
Impedance Fault (HIF). High Impedance Faults require special detection techniques that
relies on a signal processing technique known as Discrete Wavelet Transforms (DWT) [33].
However, not all high impedance faults give rise to arcs. For example, a tree branch that
forms a complete path between a taut line and the earth will not give rise to any fires because

15
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there is no avenue to form arcs.

Arc formation and combustibility are key factors that escalate a high impedance fault into
fires. Electric arcs are formed whenever there is a small air gap in the path of the current.
The voltage across the air gap must be significantly high and the length, very small for the
arc to sustain. This is often the case with reclosers or circuit breakers, and these devices
are designed with oil or air based arc quenching techniques. Arcs develop into fires in the
presence of a fuel (in our case, easily combustible dry leaves) and a good supply of oxygen.
Therefore, these conditions also dictate what kind of high impedance faults end up sparking
a fire. For example, high impedance faults caused by a line hitting a concrete surface will
not spark a fire.

Hence, combining the above aspects, we can call these kinds of special faults as “Flammable
Vegetation High Impedance Faults”. At its core, they are High Impedance Faults. The
vegetation is factored in to determine the trip settings of the protection mechanism. This
chapter will attempt to outline ways to formalize this problem and discuss some techniques
to detect such faults.

3.2 Detection of High Impedance Faults

As discussed above, High Impedance Faults are often difficult to detect because of their low
fault current that’s below overcurrent settings and high impedance that is outside the zones
of distance protection. A regular high impedance fault is detected by analyzing it in the
frequency domain and looking out for high frequency components. Each of the different
techniques possess different advantages and disadvantages, as discussed in Chapter 2.

In this section, we will look further into how High Impedance Faults are detected using
Discrete Wavelet Transforms (DWT). DWTs possess time-domain information in addition
to frequency-based analysis and is used to analyze non-stationary signals. The following
section elaborates on the mathematical principles pertaining to DW'T.

3.2.1 The Discrete Wavelet Transform

The Wavelet Transform is a mathematical transformation technique that is often used to
represent a non-stationary, non-periodic and highly irregular signals into a series of daughter
wavelets that are scaled and translated copies of a mother wavelet. The mother wavelet
is basically a finite-length or a fast oscillating decaying waveform that is continuous and
differentiable and is often, not expressible in closed form. The Discrete Wavelet Transform
is, hence, the discrete representation of a continuous wavelet transform.

The Discrete Wavelet Transform holds several advantages as compared to a Fourier Trans-
form, primarily, its ability to retain the time varying information in addition to frequency
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analysis. The Fourier transform is only localized in the frequency domain. The DWT works
on the principle that it only allows change in the time extension, but not the shape. It is
governed by the uncertainty principle:

At X Aw > (3.1)

N | —

A larger time resolution results in a smaller frequency resolution, which is accompanied by
a small frequency and large scaling factor. The Discrete Wavelet Transform of a signal x(t)
is calculated by passing it through a series of high pass and low pass filters. The output
from the low-pass filter is called as the approximate coefficient, while the output from the
high-pass filter is known as the detailed coefficient. Depending on the frequency resolution
of our interest and the initial sample frequency, sometimes, these filter banks are cascaded
to achieve a series of high and low pass filters to achieve several orders of coefficients.

The Discrete Wavelet Transform of a signal is given by:

DWT(m, k) = \/% 3 x(n)g(%) (3.2)

Where g(n) is the mother wavelet, x(n) is the input signal and “a” and “b” are the scaling
and translation parameters respectively and are functions of integer parameter m. Upon
some manipulation, the expression can be generalized to a pair of low pass and high pass
filters.

The low pass filter is given by:

Yiown] = ar[n] = (z % g)[n] = _ x[k]g[2n — K] (3.3)
The high pass filter is given by:
Ynign[n] = di[n] = (z x h)[n] = > x[k]h[2n — K] (3.4)

The resultant approximate and detailed coefficients each contain half of the total frequency
information since they belong to different bands. Hence, the frequency resolution is doubled,
which is accounted by using 2n in place of n. Schematically, the discrete wavelet transform,
with its many levels, can be drawn as follows:
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Figure 3.1: The Discrete Wavelet Transform modelled a series of cascading high-pass and
low-pass filters

The DWT, as explained previously, works really well in analyzing High Impedance Faults
because of its ability to retain miniscule time variations and also capture information across
a wide frequency spectrum through the use of many levels of filtering. High Impedance
Fault current exhibits a high frequency content, especially in the 2nd and 3rd harmonics of
the power frequency [14]. The transient from pre-fault to fault condition does not show a
significant peak due to the high impedance, but the DWT can pick up this transition.

One of the key aspects of using DWT for HIF detection is the choice of mother wavelet.
Chapter 2 explores previous literature on HIF detection using DWT where elaborate discus-
sions on the mother wavelet have been made.

The main factors that decide the choice of mother wavelet is the ability of that wavelet
to deliver detailed coefficients that can clearly distinguish faulted phases from non-faulted
phase as well as mark a distinction from pre-fault condition to faulted state. After reviewing
four choices of mother wavelets, viz, db4, symb, bior3.1 and coif4, the most appropriate
choice for our study is db4. db4 has 4 vanishing moments and can, hence, encode a 4th
degree polynomial signal.

3.2.2 Fault Detection using DWT based MRA for HIF

We now know that Discrete Wavelet Transforms can capture the signal characteristics per-
taining to High Impedance Fault currents. The next step is to design an algorithm that
makes of this information and tailor it different needs.

Some previous literature on this topic are keen on fault classification, estimation of fault
distance from the substation, simple detection of fault of etc. The distance and the type of
fault play a major role in the magnitude of the absolute values of detailed and approximate
coefficients.



3.2. DeTECTION OF H1GH IMPEDANCE FAULTS

Once an acceptable threshold has been set for detection, the detailed and approximate
coefficients are smoothed over by using a moving average filter with a window that captures
one cycle of power frequency. This is to ensure that the coefficients display a consistent
magnitude that is above the required threshold. Based on the techniques conducted by [29],
the detailed and approximate coefficients must stay above the threshold for at least 2 cycles
of power frequency for it to be determined as a High Impedance Fault. If it does, it will be
deemed as a fault and the tripping sequence will be initiated.

The above logic has been summarized in this flowchart:
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Figure 3.2: Flowchart of High Impedance Fault Detection using DWT. Source:[29]
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3.3 Differences between HIF and Conductor into Veg-
etation Faults

The difference between a high impedance fault and conductor-into-vegetation faults lie in
the nature of the vegetation surrounding the line. Conductor into Flammable Vegetation
Faults occur in regions with very dry weather and surrounded by highly flammable leaves
and bushes whose impedance and fault current levels are different from any generic high
impedance fault.

The above detection technique has been developed for a generic high impedance faults for
varying purposes. However, our purpose will be prevent power lines from inducing bush-
fires, and hence, will focus primarily on fault detection with an emphasis on speed. High
Impedance Faults caused by lines falling on non-flammable surfaces like concrete will not be
our concern, as are other kinds of HIF such as Line-Line faults.

Naturally, narrowing down the window of faults to detect comes with its own set of challenges
in terms of signal characteristics that will be deemed useful and appropriate. In accordance
with literature pertaining to high impedance fault classification, the magnitude thresholds
will be altered. The impedance of the fault will be changed to reflect typical current levels
through flammable vegetation.

3.4 Case Study - 154 kV Transmission Line

In this section, we will study the implementation of 154 kV, 60 Hz power system with two
buses connected by a 26 km long transmission line. The buses are connected to a 240 MVA
and a 180 MVA source respectively. This is essentially the Korean power system and is a
review of the work done by [29]. High Impedance Fault is simulated in this line at varying
distances and DW'T technique is used for detection.

[29] uses a 3840 Hz sampling rate to obtain first order detailed coefficients, whose results
are captured in Fig. 3.3. The below characteristic shows a distinct separation of Phase A
from Phases B and C and thus, with a threshold magnitude = 0.085 and a time threshold
of 2 cycles, which translates to a window length of 432 samples.
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Figure 3.3: Sum of first level detailed coefficients of Fault current in a Phase A to ground
fault. Source:[29]

3.5 Problem Development

Prior literature [29] [28] [39] [42] [14] has shown us that DWTs are a reliable method to
tackle high impedance faults, and if tuned correctly, can detect faults into highly flammable
vegetation. Since these methods have proven to be successful, it would be wise to utilize
them as reliable backup protection techniques and hence, there was no attempt made to
replicate results in this section.

The problem presented and addressed in this thesis, however, is slightly different. The
High Impedance Fault comes into play once the fallen conductor touches the ground. There
is a significant time difference between when the conductor snaps midair and when it touches
the ground. We will exploit this time difference to trip the circuit before the conductor hits
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the ground. In such a scenario, we will be dealing with an unbalanced system with an open
circuit on one of the phases that carries zero current. Therefore, our algorithm will have to
be modified heavily to capture that state. This will be the focus of Chapter 4 and 5 where
the problem is handled in two different ways, with Chapter 5 being a novel contribution to
this field.



Chapter 4

Communication enabled Open Circuit
Detection

Chapter 3 outlined the fundamentals behind high impedance fault detection and its purpose
as a robust backup protection system against conductors falling into sensitive vegetation
type faults.

This chapter will focuses on efforts to a falling line before it hits the ground. This implies
the presence of a very momentary open circuit that lasts as long as the conductor is in the
air. Due to the very short time frame in which these open circuit conditions exist, protection
algorithms must work very fast to detect since the event will mutate into a high impedance
fault very soon. [37] estimates that, for a system operating at typical distribution voltage
levels (between 4 kV and 35 kV), the conductor may take about 1.0 seconds to fall to the
ground. At the transmission level, this time is likely to be higher since the towers are taller
and the conductors experience higher mechanical tension.

At power frequency, this corresponds to 60 cycles of open circuit conditions. However,
the system conditions do not change continuously over the 60 cycles. The transition from
pre-fault conditions to open circuit is achieved in about 2-3 cycles. After this period, the
remaining cycles resemble an unbalanced steady state since the other two phases are healthy.
The key will be differentiating this open circuit conditions from a healthy system imbalance.
Hence, it is crucial to identify the transients and associated signal characteristics in the
initial few cycles. The state of the system in the next 57 cycles would serve to validate if
the system truly experienced the opening of a phase.

This avenue of protection was explored by researchers at San Diego Gas and Electric [37]
for the same purpose as the thesis which is to prevent powerlines from causing wildfires.
Researchers at SDG&E make use of measurements from Phasor Measurement Units (PMUs)
to track deviations in voltage magnitudes and angles across buses to detect the open circuit.
This monitoring system is also supported by a robust communication network. [37] explores
three different methods of detecting open circuit using voltage phasor measurements. The
first technique involves observing either the zero or the negative sequence voltage of the
system to see if they rise above a certain threshold and exhibit a noticeable pattern. The
voltage rise is sharper away from the source and is less pronounced closer to the source.
The second technique involves observing the rate of change of voltage. This parameter has
opposing polarities on either side of the break. The third technique observes deviations in
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the angle of zero and/or negative sequence voltage.

This chapter will attempt to replicate the results of [37] for a 2 bus system connected by a
transmission line, which will then be extended onto an IEEE benchmark, viz, the IEEE 9
bus system. Prior to simulating these case studies, basic theory on an open circuit system
will be discussed.

4.1 The Open Circuit Scenario

One of the most defining characteristics of an open circuit is the lack of current flow in the
line. However, measuring zero current is unrealistic and leaves little room for error margins.
The significant aspect, however, is the presence of the zero-sequence component (voltage and
current). Another noticeable metric is the voltage phasors on both ends of the broken line:
the node that is closer to source experiences a rise and the node further away experiences a
drop. These deviating phasors can be exploited to observe open circuits.

Another interesting feature of open lines are the travelling waves that run back and forth
between the broken end of the line and the taut end. These travelling waves are of high
frequency content and are useful in detecting the location of the fault. [33] discusses a novel
algorithm using wavelet analysis to detect and locate faults. This will be discussed further
in Chapter 5 where a confluence of wavelet analysis techniques and open circuit detection
techniques are employed.

Another key metric that shows an interesting pattern is the zero sequence power flow in
the lines. [31] conducts a mathematical study of the zero sequence power, direction of zero
sequence currents and shifting of the neutral point on grounded and ungrounded systems
under open circuit conditions. [31] concludes that the zero-sequence current and power are
numerical factors of the nominal load current and power in the system. The factors depend
on the positive, negative and zero sequence impedance of the transmission lines. For typical
ratios of these parameters in transmission lines, the total positive sequence real and reactive
power in the system can drop to about 60% of the nominal load, which has been verified
using EMTDC simulations.

From [31] , the zero sequence current of the system with a single open line (Phase A) and
two healthy phases (B and C) can be written as:

—Ira> X

I =
Ty X +2Y X,

(4.1)

Where I 4 is the load current through Phase A with the assumption that > X; = > X,
which is reasonable in transmission lines.
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The zero sequence voltage phasors across the line with sending end S connected to bus M
and receiving end R connected to bus N is shown in Fig. 4.1
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W 0 Xro 0
X 3
Non-fault circuit Uno

Figure 4.1: Phasor Diagram of Zero Sequence Voltages. Source:|[31]

This phasor diagram clearly establishes the trend of deviating zero sequence voltage across
both ends of a broken line. Although [37] does not explicitly discuss the above theory, it is
utilized to detect open lines. [31] focuses more on the theoretical aspect behind such events,
and provides a protection algorithm to detect them, it assumes the open circuit to long for
an indefinitely long period of time, which is not true in our case. Consequently, [31] does
not discuss the speed of protection which is very critical in our analysis.

Combining the theory proposed in [31] and the methods used in [37] on the standard IEEE 9
bus system will be a major focal point in this chapter. It is important to note that the zero-
sequence voltage (or any zero-sequence component) is virtually absent in Line-Line faults.
Therefore, employing this technique will ensure security of the protection algorithm.

4.2 The Two Bus System

To explore the characteristics of an open circuit line, a two-bus system connected by a
transmission line with distributed loads was simulated on PSCAD. The system operates at
12 kV, 47 MVA at 60 Hz connected by a 42 km long transmission line with two distributed
loads of 12.4 MVA and 30 MVA. The single-phase open circuit is simulated using a circuit
breaker located at 10 km from the sending end S. Multimeters are located at the sending
and receiving end buses. Additionally, meters are placed at the point of a load tapping
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just for observational purposes of this study. In a real system, a PMU in the middle of a
transmission line may or may not be placed depending on if the line contains a regulator or
a recloser. Therefore, this system can also be considered as a 3 bus radial system where the
PMU corresponding to the middle location can be assumed to be connected to a fictitious
bus from where a feeder is tapped or a spot load is present. The purpose of this section is
to validate and verify the logic proposed in [37] and [31] .
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Figure 4.2: Two Bus System Implemented in PSCAD

This system has been simulated for an open circuit at Phase A at 0.5 seconds and lasts for
1 second.

4.2.1 Initial Results
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Figure 4.3: Zero Sequence Voltages and ROCOV measured by meters

The initial observation shows a marked deviation of the zero-sequence voltage magnitude of
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the midpoint during the open circuit as compared to the sending and receiving end buses.
A major reason is that the sending end and receiving end buses have a controlled, grounded
voltage source. Hence, the bus voltages are nearly in line with the substation voltage.
However, the zero sequence quantities of these buses clearly show a rise in magnitude in
comparison to their operation during a healthy state, i.e., they are definitively non-zero.

This is a big reason for the need of another multimeter at the midpoint. The protection
algorithm will not involve the measurements from the fictitious bus “M”, but its worth
noticing the change in zero sequence voltage along the line for an analytical discussion.
Observing the rate of change of zero sequence voltage, again, bus M shows the highest
magnitudes. Bus M is also the closest to the open circuit, hence the massive spike.

It must be noted that the direction of power (and zero sequence power) plays a big role in
determining the magnitudes of rate of change of voltage. It is observed that the receiving
end of the resultant power flow experiences a bigger surge than the sending end. In this
context, due to M being on the receiving side with respect to the open circuit fault, records
the surge.

Further conclusions on this will be drawn by simulation on an extended radial system with
around 5 buses.

4.2.2 The Five Bus System

The five-bus system is not an IEEE benchmark, but is merely an extension of the two-
bus system into having longer lines, more loads and stretch out the radiality. The primary
intention with the five-bus system to observe the changes in zero sequence quantities without
the influence of the voltage source that tries to hold the system at nominal levels.
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Figure 4.4: Five Bus System with Open Circuit between Buses R and P

When the open circuit is simulated between buses R and P, we observe the following zero
sequence voltage magnitudes:
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Figure 4.5: Zero Sequence Voltages across the five buses in pu.

Here, we can see rather clearly that buses P and R report the highest magnitude of zero
sequence voltages. Bus R shows a lower magnitude than P because P is at the receiving end
of the power flow in the system. This is evident in [37] where it was established that the
zero sequence magnitude change is steeper when the bus is further away from the source.
Buses QQ and L are even further away, but they do not show a significant rise in magnitude.
This proves that the theory works on the simulation — the open circuit characteristics have
the maximum impact on the buses connected to either end of the lines.

Therefore, the protection algorithm’s first task will be to identify the two buses which show
the highest zero sequence voltage magnitude. Then, this will be cross-checked with the rate
of change of zero sequence voltage to see if either of the identified two buses show the highest
spike. If they do, then it can be concluded that the open circuit fault is most likely between
the two buses.

Following this, the zero-sequence voltage magnitude on the two buses will be monitored to
see if they remain above the threshold for at least two cycles. If they do, a trip is initiated
on both ends of the line.

This gets trickier if the open line is between the substation (Bus S) and the adjacent bus (R).
Therefore, if the bus with the highest value of zero sequence voltage happens to be bus R,
then we can conclude that the fault lies between R and substation. This can be drawn from
the fact that the receiving end bus shows the highest magnitude deviations and every other
bus, no matter the distance from source, will show a progressively decreasing magnitude of
zero sequence voltage.
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4.3 Implementation on the IEEE 9 Bus System

The IEEE 9 bus benchmark, described by [10], is a simple approximation of the Western
Electricity Coordinating Council into an equivalent system with 9 buses, 3 generators con-
nected by 6 lines. This model, due to the nature of its approximation, has a small length for
its transmission lines with a very high bus impedance matrix per unit mile. [2] documents
PSCAD’s official modelling of the 9-bus system where the line lengths are as small as 1m.
For this study, the line lengths have been increased to 10km while keeping the total line
impedance constant by scaling down the bus impedance matrix by a factor of 10,000. The
9-bus system has been picked because it is the simplest available benchmark that is well
balanced. Other benchmarks such as the 13 bus system have a high degree of inherent im-
balance with many single or double phase lines, which makes computation of zero sequence
quantities hard. The system is also too radial to the point that any attempt at clearing the
open circuit will result in islanding a large part of the feeder. Other distribution models
such as the 34 bus system are vastly complicated and difficult to implement. The below
diagram shows the 9-bus system with an open circuit simulated at 5km from Bus 4 on the
line connecting Buses 4 and 6. The model has 6 PMUs that measure the line voltages and
currents across the 6 lines that form a loop around Buses 3-9, which operate at 230 kV.
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4.3.1 Results

Upon simulation of the system under described conditions, we observe the following patterns
in zero sequence voltages:
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Figure 4.7: Zero Sequence Voltage Magnitudes across Buses 4-9

The curves show once again that the buses that face the maximum change in zero sequence
voltages are the ones that lie on either on of the open circuit, viz, buses 6 and 4. It is also
observed that Bus 6 has a higher magnitude than Bus 4 because it is on the receiving end
of the power flow through the line connecting them. This can be deduced from the results
of the Load Flow Analysis, whose graphics are displayed alongside in Fig 4.7.

From the above and below curves, we can see that the bus that shows the highest spike in
ROCOV is Bus 6, followed by 4. This is consistent in our findings with the previous section.
The results are also consistent for all locations of the open circuit fault across the system
— the only difference is the actual magnitude of the zero sequence voltages, which depend
on the nominal line currents and impedances described in section 4.2. Therefore, protection
settings must take this variation into account while setting thresholds.
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Figure 4.8: Rate of Change of Zero Sequence Voltage Magnitudes across Buses 4-9

4.3.2 Detection and Tripping

Based on the earlier results, we can now strengthen the logic proposed in Section 4.3.2. The
absolute value of rate of change of voltage curve is examined first and smoothed using a
moving average filter of window size equal to one cycle. If the curve is non-zero for at least
one bus throughout one cycle, we can say that there is a transition in the state of the system.

Then, that shows the highest peak in this time frame is identified. This bus is most likely
to have either the first or the second highest magnitude of zero sequence voltage. If this
happens to be true, we can be more certain about the event. Following the validity of this
condition, the zero sequence magnitude of the buses showing the two highest voltages are
tracked, and if they remain above the threshold for at least two cycles, then we can issue a
trip signal.

4.4 Limitations

One of the biggest limitations with an approach like this is the need for a strong communi-
cation network with minimal delays and information loss. We have assumed that we have
access to all PMU data which is processed centrally to determine the buses that show the
maximum deviation. This also comes with meeting other basic PMU standards including
the need for a synchronization in time-tagging across all devices.

The functionality of a precise metering with time tagged data is realized through a multi-
meter, which cannot measure the actual phase angle. Multimeters in PSCAD only compute
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the phase angle difference between voltage and current phasors. Additionally, modelling the
communication network in PSCAD is not possible. This technique also does not fully exploit
the high frequency content associated with the transition to open circuit. If the settings are
improper, it will become difficult to differentiate an unbalanced load switching from an open
circuit.

The high frequency content is also not very pronounced in the current IEEE 9 bus model
due to the nature of its transmission lines that are modelled in PSCAD. The entry of bus
impedance matrix directly onto PSCAD’s transmission line interface creates a Bergeron
model, which works well for short circuit and load flow studies. For transient and dynamic
studies, the Frequency Dependent (Phase) Model works best, but that requires the geometry
of the conductors and towers.

These problems are mostly resolved in Chapter 5 where this discussion is combined with
Discrete Wavelet Transform to improve the reliability of detection.



Chapter 5

Local Detection of Falling Conductors

5.1 Introduction

Chapter 4 outlined the theory behind the open circuit problem, with special emphasis to the
behavior of zero sequence voltages. The protection strategy discussed in Chapter 4 involves
a robust communication network since it requires measurements from all buses at one central
location in order to determine the buses with the highest swings in zero sequence voltage
magnitude.

In this chapter, the focus will be on detecting the open circuits without the need for a central-
ized communication support. Therefore, the detection will be based on local measurements
and local settings. Communication maybe added to enhance security through the means of
permissive transfer tripping. The technological requirements for achieving that are minimal,
when compared to the requirement of PMUs and PDCs.

During an open circuit, there are high frequency travelling waves of voltage and current
between the broken end and the bus. The frequency of these waves depends on the charac-
teristic impedance of the line, which is usually much higher than power frequency. Therefore,
there is a lot of high frequency content during an open line.

An important distinction must be made with respect to the presence of high frequency
content vs the presence of zero sequence components. The zero sequence is present whenever
there is an imbalance in the system, either due to pre-existing load conditions or due to a
fault. It is not present when the line is completely open, i.e., all 3 phases are open. The high
frequency travelling waves are present whenever one end of a line is open, and the other end
is tied to a bus at a certain voltage. Therefore, they are not necessarily present whenever
there is an imbalance, and they are also absent when both ends of the line have been opened
by a circuit breaker.

Secondly, the high frequency content present during a High Impedance Arcing Fault is dif-
ferent from travelling waves. In that case, the high frequency is due to the presence of an
arc between line and ground. Therefore, the frequencies lie in different bands.

In the case of conductor into vegetation faults, we assume one of the three phases to be broken
and is falling to the ground. Therefore, this event contains both zero sequence voltage and
high frequency components. Extracting them would prove to be beneficial in fault detection.

33
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Hence, in this technique, the Discrete Wavelet Transform will be used on the Zero Sequence
Voltage computed across buses. Based on the exact signal characteristics, a combination of
previously discussed techniques will be employed to clear the fault.

The initial study will focus on the two-bus system, which will then be subject to some
modifications before we move on to testing it on the IEEE 9 Bus system.

5.2 The Two Bus System

An open circuit fault on Phase A is simulated on a balanced 60 Hz, 22 kV, 750 kW 150
kVAR system with two buses S and R (sending end and receiving end respectively). The
buses are connected by a 100 km long line, with the open circuit occurring at 80 km from the
sending end. The fault is simulated to last for one second (between 0.51s and 1.51s). Meters
are present at both buses to record instantaneous voltage, which will then be processed to
calculate the zero-sequence voltage and subsequently, the detailed coefficients of the Discrete

Wavelet Transform.
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Figure 5.1: PSCAD Implementation of Two Bus system with open circuit & high impedance
fault on Phase A

5.2.1 Discrete Wavelet Transform Settings

As discussed in Chapter 3, the choice of mother wavelet, initial sampling frequency and the
level of filtering make a huge difference in the performance of the DWT in extracting the
most useful features of the signal. [14] employs a 10 kHz sampling rate for a 50 Hz system
with db4 as the mother wavelet to extract the 6th detailed coefficient for High Impedance
Faults. In this case, for a 60 Hz system, a sampling rate of 12.96 kHz has been used.
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Figure 5.2: 6th Level Detailed Coefficients of Zero-Sequence Voltages and its moving average
over one cycle of power frequency.

Fig 5.2 shows a clean transition from a healthy state to an unbalanced state of the system
around 0.52s. The moving average filter is essentially the average of the coefficients where
the width of the window is equal to number of samples per cycle (64 in this case) and the
window moves by 1 sample with every iteration. This results in a curve with reduced noise
and outliers, aside from being directly useful for further computation. We see that the
coefficients are of extremely low magnitude, but the two states are clearly discernible.

However, 12.96 kHz is an exceedingly high sampling rate that may not be possible to achieve
in local detection and measurement system, especially if the lines connect geographically
remote areas. [29] uses 3840 Hz for observing first order detailed coefficients. We shall use
4000 Hz for the 4th order detailed coefficients.

Additionally, the time-threshold has been set to 3 cycles. This is due to spikes in the DWT
waveform that tends to last just less than a cycle prior to stabilization. To prevent false
tripping, this threshold has been extended.
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5.2.2 Unbalanced Two Bus System

The system in Fig 5.1 was modified to introduce an imbalance by virtue of doubling the load
on Phase A. In traditional over-current relays, the trip settings are placed in between double
the load and one-third of the minimum fault current, and hence, this protection mechanism
must also be resilient against double the load.

i Trip Signal and Fourth Level DWT Coefficients for an Open Circuit Fault d by High Impedance Fault on a 2-Bus System
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Figure 5.3: Trip Signal issued for an unbalanced system by analyzing the d4 coefficients.

From the above figure, it is seen that a trip signal is generated about 100 milliseconds after
an open circuit begins to develop on Phase A. The fourth order coefficients have varying
magnitude and sign but smoothening them out using a moving average filter on the absolute
values provide a rather robust parameter to detect.

It can be seen that the magnitude of these coefficients drops to a lower value once the system
moves on from a state of Open Circuit to a state of High Impedance Fault. The change in
magnitude is also accompanied by a lower degree of periodicity. Both factors indicate that
the DWT filters have been tuned to detect the open circuit more effectively than the HIF.

A noticeable characteristic of these signals during the open circuit state is that it is periodic,
and it builds an envelope. An envelope detector can be used to characterize this section.
Manual observation of this envelope suggests that there is a superposition of two phase-
shifted envelopes of the same frequency.
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Figure 5.4: Trip Signal and moving average d6 coefficients of a 2-bus system with open
circuit and high impedance fault on Phase A at 12.96 kHz .

The same procedure was repeated at a higher frequency, i.e., 12.96 kHz and using the 6th
order detailed coefficients instead. The envelopes appear to be at a higher frequency. It is
possible that, due to the nature of wavelet transforms, that certain frequency components
are completely captured at this stage for the case of 4 kHz as sampling frequency as opposed
to 12.96 kHz.

From the perspective of a practical implementation, a lower sampling frequency such as 4
kHz is more achievable and requires less memory for storing these coefficients and subsequent
computation of the moving average. Therefore, the envelopes are not a significant factor in
decision making from a protection standpoint.

Fine-tuning the filter to obtain the most decisive set of characteristics, followed by effective
manipulations of the envelope detection require more work and is out of scope for this thesis.
This opens possibilities of a future extension.
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Three phase tripping on a 2-Bus System after detection
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Figure 5.5: d4 coefficients after trip signal clears the open circuit fault.

The above result considers a two-fold load imbalance. The system performance is also not
affected by sudden load switching, i.e., if suddenly the load were to be switched onto the
circuit at 0.3s, the algorithm will not generate a false trip. This is because the magnitude
of d4 coefficients during a load switching event are lower than the predetermined threshold.
Intuitively, this can be explained with the fact that a load imbalance introduces zero sequence
component, but not any high frequency components.

In the subsequent section, we shall see the implementation of this logic onto the IEEE 9 bus
system.

5.3 The IEEE 9 Bus System

The IEEE 9 Bus system (modelled as an approximation of the WSCC power system) is used
again to validate the above discussed protection algorithm. The system’s transmission lines
in PSCAD have been modified in a similar way to Section 4.4. An open circuit in Phase
A is simulated between two buses at 1s after start time and lasts for 1s. A custom module
is defined in order to process zero sequence components and subsequently extract the 4th
order detailed coefficients corresponding to a sampling frequency of 4000 Hz.
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Figure 5.6: PSCAD Implementation of 9-Bus system with custom designed DW'T processing
module.

5.3.1 Initial Results

Before outlining the protection strategy and settings, it is important to notice the efficacy of
this technique by observing the numerical values of the d4 coefficients. To enable this, the
open circuit fault has been simulated in all possible lines to observe zero sequence voltages
and their 4th order detailed coefficients.

After recording the fault signatures for all cases, the coefficients have been smoothed out
using a moving average filter which is scaled by a factor equal to the number of samples per
cycle. Hence, the resulting curves are essentially the sum of d4 coefficients over one cycle.

The first impression is that Bus 5 and Bus 7 show the highest coefficients compared to other
buses. Hence, theoretically, it follows the logic proposed in Chapter 4. However, because
the aim is to identify faults without communication, it is essential to devise settings that do
not rely on any comparisons.

In simpler words, it does not technically matter if Bus 5 or Bus 7 have the highest d4 co-
efficients. As long as these buses display a different behavior when they are healthy and as
long as their signatures are just distinct enough from those observed at other buses, it will
be possible to detect and trip the fault.
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Discrete Wavelet Transform of Zero Sequence Voltages for Open Circuit between Buses 5 and 7
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Figure 5.7: Sum of d4 coefficients of zero sequence voltages across all buses for an open
circuit between buses 5 and 7.

The second observation is the presence of massive spikes for all buses immediately following
the opening of a circuit, which last for less than a cycle. Without any averaging filter, these
spikes would be higher. Therefore, to prevent these spikes from falsely tripping, the sample
threshold should be long enough such that they do not affect the decision making. For this
analysis, a length of 3 cycles have been chosen.

5.3.2 Trip Settings

The trip settings of the protection algorithm outline the various magnitude thresholds for
various buses and scenarios. The prime feature of the trip settings of this setup is the need
for multiple thresholds.

The meters installed at every bus measure the voltage at that bus. Based on just the voltage
characteristics, it would be hard to identify the exact line that has experienced an open
circuit. Due to lack of communication, buses cannot issue any signals to the neighboring
buses to identify the correct line to trip.




5.3. Tue IEEE 9 Bus SysTeEm 41

Therefore, each bus will have two trip thresholds — a lower threshold value (7},,) and an
upper threshold value (T};gn). These thresholds correspond to the d4 coefficients evaluated
at that bus when either of the two lines connected to that bus breaks.

Designing a two-fold threshold setting allows the bus to decide which line to trip. For
example, if Bus 7 exceeds the lower threshold, it can trip Line 5-7. If it exceeds the higher
threshold, it can trip Line 7-8 and prevent tripping of 5-7.

Discrete Wavelet Transform of Zero Sequence Voltages for Open Circuit between buses 7 and 8
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Figure 5.8: Sum of d4 coefficients of zero sequence voltages across all buses for an open
circuit between buses 7 and 8.

Comparing figures 5.5 and 5.6, both of which have bus 7 as a common factor, we can design
the lower threshold to be 0.26 and the higher threshold to be 0.32. These thresholds are also
cross verified with the other 4 scenarios to ensure Bus 7 does not exceed these values. For
Bus 7, this holds true.

However, it has been deemed necessary to impose two upper bounds; Tpound, and Tpounds,
respectively. for some buses. In these cases, although the lower and upper threshold work
perfectly to trip, they also display higher d4 coefficients for faults located elsewhere. For
example, Bus 9 has lower and upper thresholds of 0.14 and 0.24, respectively. However, for
an open circuit between 7 and 8, Bus 9 has d4 coefficients much higher than 0.24. Therefore,
an upper bound has been set around 0.3 to prevent Bus 9 from initiating a trip. For Bus 8,
this boundary exists between its lower and upper threshold. Hence, this concept has been
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generalized to encompass two sets of inequalities.

Combining the results from all the six different fault scenarios we have:

Table 5.1: Trip Thresholds and Bounds for Different Buses

Bus T, Line Tripped Thound, Thign Line Tripped Thound,

4012 4-6 N/A  0.26 45 N/A
5 0.34 5-7 N/A 0375 45 N/A
6 024 46 N/A 03 6-9 N/A
7026 5-7 N/A  0.32 7-8 N/A
8 0.115 8-9 0.17  0.53 7-8 N/A
9 014 8-9 N/A  0.24 6-9 0.3

5.3.3 Protection Algorithm

With information from Table 5.1, the protection algorithm can be designed, and it is visual-
ized in Fig. 5.7. Essentially, each bus monitors its own voltage and computes the coefficients.
The coefficients are averaged before processing. The sum of the coefficients is computed over
one cycle. This sum is compared against the defined thresholds and bounds.

If this sum is above the lower threshold and below the upper threshold, then the line corre-
sponding to that value is tripped.

If this sum is above both the thresholds, then the line corresponding to the upper threshold
is tripped.

If any boundary conditions are violated, no line connected to that bus is tripped.

During the comparison, the sum must satisfy the above conditions consistently for four
cycles. If they are violated midway for even a single sample, then the count is reset is to 0.

Since the buses do not communicate with each other, the buses at the two ends of the broken
line do not necessarily trip synchronously.
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5.3.4 Detection and Tripping

No—-{  Trip Line 2

Based on the flowchart described by Fig 5.8 and the simulation settings described in the
introductory segment of this section, an open circuit fault was simulated between buses 5

and 7.

The algorithm was able to correctly generate trip signals at buses 5 and 7 corresponding
to Line 5-7 around 100 milliseconds after the open circuit fault. The trip signals control 3
phase breakers on either end of the line. None of the other buses responded, and hence, this
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protection scheme is secure for this fault.

This algorithm was found to be successful for all the 6 different lines in its ability to break
the circuit and open the line prior to falling of the conductor, thus preventing a potential
fire.

The time taken to detect, in this case, is an underestimate when compared to the real
world, since processing times and delays, time taken by circuit breakers to respond and
other miscellaneous factors have not been incorporated.

Discrete Wavelet Transform of Zero Sequence Voltages for Open Circuit between buses 5 and 7
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Figure 5.10: Trip Signal generated at Buses 5 and 7 for an open circuit fault in Line 5-7

The above figure also illustrates the need for different bounds that need to be placed. For
example, Bus 8 registers d4 coefficients around 0.2 during the faulted interval. With only
a lower threshold of 0.115 as described by Table 1, Bus 8 will falsely trip Line 8-9, but not
Bus 9.

The protection scheme guarantees dependability, since for 5 of the 6 different cases, the right
buses were identified and the correct lines were tripped.

However, in the case of a fault happening between lines 6 and 9, two lines open instead of
one. From a security perspective, this is not ideal, but it ensures dependability.
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Discrete Wavelet Transform of Zero Sequence Voltages for Open Circuit between buses 6 and 9
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Figure 5.11: Trip Signal generated at Buses 4 and 9 for an open circuit fault in Line 6-9

The reason for this anomaly lies in the voltage profile of Bus 4. Bus 4 produces similar signal
characteristics for open-line faults at Lines 4-6 and 6-9. It was not possible to designate a
threshold that can effectively differentiate the two cases at Bus 4. Additionally, Bus 4
responds faster to the fault at 6-9 than Bus 6. Pausing the algorithm at various instances
reveal that Bus 6 is roughly a cycle away from successfully detecting the fault by the time
Bus 4 reacts.

Ideally, Bus 6 would also respond to the fault since no two buses communicate and detection
depends purely on local settings. However, the breakers on 9-6 and 4-6 react faster, leading
to Bus 6 being islanded and de-energized.

This anomaly is acceptable from the point of view of the bigger picture. We can successfully
prevent a fire from being induced, but at the cost of an additional line opened. Bus 6 loses
connections to both of its neighboring buses, and hence, the loads serviced at Bus 6 will
experience a shutdown. The power at loads connected to Bus 6 can be restored very quickly
once the operator realizes that Line 4-6 has been incorrectly tripped.

One possible solution to overcome this security problem is by strengthening this protection
scheme using minimal communication such as permissive transfer tripping/blocking. How-
ever, this is beyond the scope of the current thesis since our focus to solve the problem
without the need for communication. Additionally, transfer trip schemes will have to be
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generalized for the whole system and should not be limited to just one bus. Transfer trip
schemes can also ensure that both ends of a line are tripped synchronously.

Asynchronous tripping of lines has not affected the overall efficacy of the protection because
the time difference between the two trip signals is miniscule. By the time, the contacts of
the breaker corresponding to the first signal part ways, the second trip would have already
been initiated. Thus, this scheme works well for the purpose of this thesis.



Chapter 6

Conclusion and Future Work

This thesis presents a present-day environmental disaster through the lens of a power engi-
neer. While wildfires are natural; unmaintained, and ill-equipped power lines run the risk of
exacerbating the problem as well as run the risk of getting burnt down themselves. In this
thesis, the former aspect is focused upon. In a complex and interdisciplinary topic such as
this, it is important to define the problem clearly and differentiate how this situation from
the more common abnormal conditions in a power system.

Vegetation and weather play a major role in inducing wildfires. Dry weather, high tem-
peratures, drought-like conditions, and high wind are favorable flammable conditions. Un-
fortunately, these factors lie largely outside the control of an electrical engineer. Hence,
controlling the amount and nature of vegetation surrounding a line is crucial. Policies and
regulations pertaining to vegetation trimming implemented in California and Australia have
been reviewed in this thesis, as well as a peek into the typical fault current levels for various
kinds of vegetation.

This thesis looks at more than one way to prevent fires initiated by faulted power lines. Some
of the techniques employed involve fault current limiters, some take a classic high-impedance
fault detection approach. We conclude that, while both methods are highly effective, they
do come with their own set of challenges. Therefore, they can always be used as reliable
backup techniques.

The later chapters were dedicated to viewing the problem from an open circuit perspective
with protection speed being the top priority. The first of the two approaches resorted to high-
end metering requirements and the need for a robust communication network, the second
approach attempted to solve the problem locally, without the need for communication.

The second method, i.e., local detection of open circuit without communication, is hopefully
a novel contribution to this field. This technique involves a combination of the theory related
to open circuit faults and the signal processing techniques relating to high impedance faults.
This was also implemented in the standard IEEE 9-Bus benchmark with reasonable success
in detection as well as timing.

In this method, meters were placed on all lines and buses strategically to constantly monitor
voltages, which are processed to find zero sequence voltages and the resultant coefficients
arising out of DW'T. For each of these buses, predetermined thresholds and bounds are set.
Buses that violate these conditions will trip the appropriate line. This method was very
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dependable and gave promising results in terms of accuracy and speed.

All of the open circuits were detected and the correct lines were tripped in about 100 mil-
liseconds, without accounting for any delays. In one particular case, protection could only
be achieved by tripping an additional line. From the perspective of preventing fires, this is
an acceptable result that comes with a compromise.

By no means is this thesis an exhaustive approach to the problem of wildfires. There are
plenty of avenues that can be explored and developed upon, as follows:

« Explore options to prevent wildfires from damaging powerlines and operations. Analy-
sis pertaining to scheduling load shedding, altering the system operating conditions on
high fire risk days, predicting the advances of the fire front can minimize the impact
that consumers face.

o Improve the novel method proposed by introducing permissive transfer tripping and
blocking techniques to prevent any additional lines from being tripped.

o Analyze the impact of reclosers on fires and coordinating the protection scheme to
include recloser operations.

o Extend the algorithm to more asymmetrical systems, single phase systems and include
more fault varieties such as Line-Line-Ground faults. The system can also be com-
plicated further with the addition of regulators and solar PV panels to bring about a
more realistic picture.

« Employing more robust signal processing techniques to better characterize the various
coefficients of the discrete wavelet transform is a significant step to understanding
the nature of various transients. Using an envelope detector, the variations in the d4
coefficients can be better understood and its periodic nature can provide more insight
into the different frequency components present during an open circuit. Additionally,
the choice of mother wavelet, sampling frequency and the level of filtering can be
modified to achieve the same goals.

o The analysis and protection scheme can be extended to systems with unequal line
impedance across various buses. The presence of short lines immediately following
a very long line affects the various bus voltages differently than systems with similar
levels of impedance and line lengths. This is especially true in California, and therefore,
the protection design will have to accommodate this in the future.

With plenty of options to explore, this thesis is merely an introduction to a complicated
real-world problem that needs to be given utmost attention to.
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