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Abstract—High-impedance faults (HIFs) do not generate
sufficient fault current for detection by conventional overcurrent
protection, but such faults can still ignite fires. Generally, these
faults range from a few milliamperes to a few amperes. With the
increasing focus on wildfire mitigation, reliable detection of HIFs
to prevent wildfires is one of the electric power industry’s top
priorities. To gain more insights into HIFs, further support the
research effort, and verify existing HIF detection algorithms,
Pacific Gas and Electric Company (PG&E) conducted staged HIF
tests on distribution feeders with live load at various locations. The
testing revealed some unique aspects of HIFs including the
following:

e Involving the actual ground fault current return path
from the fault location to the substation ground during
staged testing is the most holistic way to study HIFs.

e Downed conductors do not necessarily generate drastic
bouncing (sometimes none) to create varying arcing
signatures. Some existing algorithms are based on this
assumption.

e The faults were staged on two operational feeders with
normal load. Such testing results in a realistic, more
accurate fault current signature for testing protection
algorithms without overfitting.

e The initial stage of vegetation contact is often purely a
high resistance fault with varying resistance and no
visible arcing. Subampere fault current flows over tens
of minutes during this initial stage before the vegetation
experiences arcing over its surface. The initial contact
stage is critical to detect faults to prevent wildfires
because once the carbonized vegetation starts arcing and
burning, it becomes difficult to prevent fire ignition.

This paper presents the related test data to demonstrate and
support the aforementioned phenomena. Using the information
gained during the testing, we propose a new algorithm to detect
the early stage of vegetation contact causing HIFs for a three-wire,
unigrounded system.

L. INTRODUCTION

With the rising occurrence of wildfires in recent years due
to power lines, the power industry has increasingly invested in
wildfire mitigation solutions. These mitigation plans can
include employing sensitive intelligent electronic device (IED)
settings during fire season for fast detection and isolation [1],
deploying electrical and mechanical sensors to detect hazardous
conditions, enhancing vegetation management, and
undergrounding of power lines, to list a few [2]. It has become
obvious in recent years that there is no single, easy solution to
wildfire mitigation; many layers are needed to adequately
reduce risk on power systems. One area that has continued to
challenge these efforts is that of high-impedance faults (HIFs).

HIFs are one of the most complicated and widely researched
types of faults. They are very challenging to detect with
traditional overcurrent protection and can go undetected for
hours or days, which often allows them to ignite fires and
endanger public safety. HIFs, as the name suggests, are faults
with impedance in the range of hundreds to thousands of ohms,
limiting the fault current magnitude. Common HIF causes
include tree branches touching wires and broken conductors
landing on vegetation or other high-impedance surfaces. These
HIFs often do not draw sufficient current for traditional
overcurrent elements to pick up. Setting overcurrent elements
to be sensitive enough to detect these events is not always an
option as it may cause misoperations during normal system
conditions.

Additionally, different grounding configurations witness
different HIF behaviors. Four-wire, multigrounded systems
with large system unbalance reflecting in the ground current see
very little change in ground current during HIFs. Sometimes
their ground current even decreases in magnitude depending on
the existing system unbalance characteristics, the phase
involved in the fault, and the location of the fault. For such
systems, ground overcurrent elements are rendered ineffective
and more complex algorithms based on HIF characteristics are
necessary for detection. For three-wire, unigrounded systems,
the ground current is at low levels pre-fault but may not
experience a significant increase during HIFs. Load-switching
action may falsely get classified as a fault if sensitive ground
current elements are used without being qualified by other HIF
characteristics to detect the faults [3].

HIFs can be viewed as a complex dynamic process that can
involve conductor movement, a change in the material
characteristics during the fault, rapid arc formation and
extinction, and arc movement with changing arc length. Even
advanced digital simulation techniques have challenges in
simulating these features of an HIF [4]. As previously
mentioned, extensive research has been carried out on this
topic. Some researchers have pointed toward using third and
higher odd harmonics for detecting arcing signatures [5] [6] [7]
[8] while others have indicated using interharmonics for
detection [4]. Some research uses statistical methods to detect
HIFs [9] [10]: one such method uses high-frequency current
components [11] and another uses burst noise signals near
60 Hz [12]. There has also been some interest in wavelet-based
detection methods [13] and, more recently, in machine
learning-based algorithms [14]. There is no shortage of
methods for HIF detection, but the actual application, accuracy,



dependability, and security of these methods need much more
real-world testing.

What causes this disconnect between current HIF detection
methods and the reality of the field? For one, many approaches
have been developed using data from staged faults in a
laboratory setting without load or a real-world ground fault
return path. Additionally, methods are often proposed with little
testing using in-service distribution feeders to avoid any
disruptions to service during testing. These factors lead to
algorithms being developed using clean, or ideal, data, which
do not represent real-world HIF scenarios. Second, because
HIFs do not generate significant fault current, measurements
from protection current transformers (CTs) lack precision and
are likely to output inaccurate crucial information (e.g.,
inaccurate harmonics) rather than the accurate information that
is required by these algorithms for detection. Lastly, usage of
various signal processing methods may warp the data by
exaggerating certain fault features in the ideal fault data used to
develop these methods. These features may not reflect real-
world data.

This prompted the authors of this paper to take a closer look
at the problems of data collection, algorithm development, and
continuous improvement of developed algorithms through
actual system validation. We developed an edge-computing and
data collection system to gather real-world data by continuously
recording current and voltage on distribution feeders. This
system records data during both normal load conditions and
HIF conditions, over an extended period, for study and analysis.
The heart of the system is a computing platform that can not
only record weeks’ worth of high-frequency sampled data, but
also runs protective algorithms. Algorithms can be developed,
revised, and tested nimbly with an edge-computing device like
this.

This system was deployed on two Pacific Gas and Electric
Company (PG&E) feeders connected to a substation with a
three-wire, unigrounded configuration. Data were collected,
studied, and used to develop and improve algorithms, which
were then deployed back on the system, further improving the
detection system. Fig. 1 shows a block diagram of the setup for
data collection, research, and software updates using the IED,
computer, and cell radio.

Monitoring cabinet

= CTS/PTS efmmm IED

Digitized
Circuit breaker voltage/current

Computer

Data
export

A
i

Cell radio

Fig. 1. An example of the edge-computing and data collection setup.

To further cement the effectiveness of developed algorithms
and study various kinds of HIFs, we performed a variety of
staged fault tests on the two live, in-service feeders. The goal
was also to learn more about the early stages of faults, which
often go undetected until the fault has progressed further. The
capability to observe and study the initial state of the fault
eventually led to the development of a new algorithm for
detecting HIFs in the early stages to reduce wildfire risk.

The rest of the paper is structured as follows: Section II
describes the setup used for testing faults on live feeders, and
Section III details test results. Section IV describes early-stage,
wire-in-branch fault characteristics, leading to the proposition
of a new detection algorithm, and Section V details the results
of the algorithm applied to two events.

II.  STAGED FAULT TEST SETUP

Our primary objective was to create and analyze HIFs under
conditions that closely resemble real-world scenarios. While
laboratory-based HIF testing has produced valuable insights
over the years—thanks to the controlled environment and ideal
monitoring conditions—it does not fully capture how HIFs
interact with operational power systems under load. This study
aimed to bridge that gap by examining fault behavior as
observed by primary protection equipment in the field.

Field-based staged fault testing was conducted for two key
reasons: 1) IED response analysis to observe how primary
protective IEDs detect fault current at both the fault location
and the substation source and 2) fault characterization to
evaluate how fault current and characteristics vary based on
factors such as distance from the source, terrain, fault surface,
and ground conditions.

A. System Configuration

This study focuses on three-wire, unigrounded distribution
systems operating at 12.47 kV (line-to-line). These systems are
grounded at a single point—typically at the substation
transformer. In this study, the transformer was configured Y-Y
grounded with a solidly grounded connection on the
distribution side. Beyond the substation, only the phase
conductors extend into the field, with no neutral wire. All
supplied loads are connected phase-to-phase.

Because there is no zero-sequence path for load current, this
configuration results in minimal standing residual current. Any
residual current present is primarily due to line-to-earth
capacitance imbalance, due to single-phase lines, or a CT
mismatch, which can produce artificial residual current as
measured by system IEDs. In such systems, line-to-ground
faults rely on the earth as the return path for fault current.

B. Data Collection

The data collection system as described in Section I and
shown in Fig. 1 was installed at the distribution substation
feeding both feeders involved in the staged faults. An IED was
wired into the CT and potential transformer (PT) circuit of each
feeder breaker to digitize the signals. Then, the IED streamed
the current and voltage signals (sampled at 2 kHz) to a



computer to store the data. The data could be extracted from the
computer locally or remotely via a cellular router.

C. Fault Test Apparatus

The fault test apparatus consisted of multiple stages
arranged in series.

1) Primary Connection and Fuse Protection
One phase of the primary conductor was connected to
a fuse cutout. The fuse was sized to coordinate with
upstream system protection. This fuse served as a
final safeguard to isolate staged faults and prevent
customers from experiencing any outages from the
testing. A cable connected the load side of the fuse to
the next stage.

2)  Resistor Bank and Recloser
The next stage included a variable resistor bank to
limit fault current. Integrated into the bank was a
single-phase recloser, metering with a 50:5 CT into
its 10 mA ground current input. The recloser
provided manual control for the fault circuit.
Protection on the recloser allowed low-current HIFs
to remain energized for extended periods, while
higher-magnitude faults were cleared quickly. This
enabled prolonged fault observation under controlled
conditions. Protection was set in three definite-time
ground elements: 50 A for 0.05 seconds, 10 A for
3 seconds, and 4 A for 60 seconds. Protection was
chosen to coordinate with the source-side fuse and to
protect the resistor bank according to its rated power
dissipation.

3) Deionized Water Switch
An additional manual isolation method using a
custom switch submerged in a tank of deionized
water was included for enhanced safety and an
additional open point.

D. Fault Simulation
Two fault scenarios were tested as outlined.

1) Wire on Ground

Wire-on-the-ground faults were simulated using a length of
conductor suspended between two stands above the fault
surface, as seen in Fig. 2. The fault area was enclosed in an
aluminum arc box (8-inch tall plates) to contain step potential
for personnel safety. The box was grounded via a single 1 ft
long metallic construction stake. For the first scenario,
aluminum stands were constructed at each end of the box and
used to suspend a length of 1/0 aluminum conductor steel
reinforced (ACSR) over the box and the soil below it. The
conductor was insulated from the stands and arc box. A
pneumatically actuated lever was used to lower the conductor
to the ground or to simulate movement once the conductor was
on the ground.

Fig. 2.

2) Wire on Tree Branch

The second type of fault scenario simulated contact between

an energized conductor and vegetation. For this setup, an
additional aluminum stand was constructed as a table to hold a
tree branch laying across it, as seen in Fig. 3. The tree branch
rested on insulators and was isolated from the table. One end of
the branch was connected to the source by wrapping a copper
jumper wire around the branch. The other side of the branch
was grounded to the arc box with another copper jumper wire.

L

Wire-on-ground apparatus at Location 2.

Fig. 3.

Wire-on-tree-branch apparatus at Location 2.

III.  STAGED FAULT TEST RESULTS

In total, 22 tests were performed across 3 days in differing
weather conditions, at separate locations, on 2 distribution
circuits, and using a variety of diverse fault media. The first day
took place 50 ft outside the substation fence on Feeder 1, as
seen in Fig. 4. The conditions were cloudy and cold with
intermittent rain and hail. The soil was wet and rocky with
sparse grasses and short weeds.
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Fig. 4. Test locations on two distribution feeders showing the substation
(also Location 1) and the two other test locations.

Table I contains the details of each test on the first day.
During the wire-on-dirt testing, the fault amperes were limited
by the resistor trailer. As seen in (1), the fault amperes were
limited to 2 A, leaving the fault impedance at around 2 kQ.
Artificially adding to the fault impedance path is valuable in
that it keeps the fault in the high-impedance range; however, it
does not allow realistic fault progression because of how it
limits fault current.

TABLE I
LOCATION 1 FAULT DETAILS
Fault medium Added Fault Maximum
resistance duration rms current
Q) (mm:ss) A)
Wire on dirt 1600 2:30 2
Wire on dirt 1600 2:18 2
Wire on dirt 800 3:00 3
Manzanita branch 800 6:00 0.01
Redwood branch 800 30:00 0.25
Redwood branch 800 30:00 2.5
with carbon dust
_ ViN
Zfault — 1 - Zresistor bank (1)
Fault
7,200 V
Zfaue = 2" — 1,600 Q. = 2,000 O ©)

Three branches were also tested during the first day. The
manzanita branch had been collected several weeks prior to the
testing and had dried out. It was soaked in water for 5 minutes
prior to testing to simulate being in the wet conditions outside.
After 6 minutes of applying voltage to the branch, there was no
indication of any increase in current, and the test was ended.
Our initial assumption was that the fault current would start to
increase after a short amount of time; however, as would be
seen later, each tree branch had a different fault profile, and
many took a significantly longer time to conduct. Because of

the dryness of the manzanita branch, we determined that it
would remain insulative for longer than it was practical to test.

The next fault medium was a redwood branch collected on
site several weeks prior and allowed to dry out. For 30 minutes,
the branch was left faulted but the current never rose above
0.25 A and, eventually, it dropped to 0 A. The test was repeated
with the same redwood branch but, this time, carbon dust from
a burnt log was sprinkled on top. This dust was intended to
provide a carbonized path for the fault current and to stimulate
the fault development. This yielded good results as the fault
current spiked up during the last 3 minutes of the fault
(30 minutes total) at around 2.5 A. By the end, the branch was
completely on fire and larger arcs were attempting to form but
always died out. The arcs were pulsing in waves of intensity. It
is postulated that the series resistor bank was limiting the fault
current and not allowing the lower impedance fault to form.
This test was manually ended.

The second day of testing was conducted on Feeder 1,
4.8 linear miles from the substation (Location 2). The weather
was clear. The surface was gravel, still slightly damp from rain
the day before. The first three tests involved the wire-down
simulator. All three used 800 ohms of resistance. Immediately
after the first test began, the fault current went to 7.5 A and
stayed steady. The wire did not move but stayed on the ground
steadily arcing until the recloser tripped after 22 seconds, as
seen in Fig. 5. The second test was performed identically to the
first with the wire in the same position and the fault current also
spiked up immediately and the recloser tripped in 3 seconds.
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Fig. 5. Second day: first test with wire on dirt. The ground current rises to

7.5 Arys immediately and stays there.

For the third test, a piece of dried sod was added underneath
the conductor, simulating the wire falling on dry grass. The
grass added extra impedance, but it quickly burnt and the sand
in the sod melted. After 17 seconds, the fault returned to 7.5 A,
and the recloser tripped after 1 minute, as seen in Fig. 6.
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Fig. 6. Second day: third test with wire sod on dirt. The ground current rises

to 7.5 Arws after 17 seconds and stays there.



The next seven tests all utilized the tree branch fault
simulator. Each one used a different variety of tree type. The
first branch was collected off the ground already dead. It took
significantly longer to catch on fire compared to the subsequent
tests, likely because it was already dry. All the other branches
were cut fresh, and they all took about 10 to 20 minutes to reach
the recloser trip threshold of 4 A for 60 seconds. Each branch
had a different fault profile, some starting to smoke sooner than
others, some releasing more steam than others. During
postanalysis, each branch type carried the fault differently as
well, some in the bark, some in the outer wood, and some in the
heart of the wood, as seen in Fig. 7. The smoke, burning, and
arcing always began at the two ends of the branch, where it was
grounded on one side and connected to the phase voltage at the
other. Gradually, the burning and arcing traveled toward the
middle of the branch and eventually met. When the carbon
paths met, the fault impedance dropped dramatically. With the
added 800 Q of resistance, the fault current was limited, and the
arcing continued at a lower level until it was interrupted by the
slower protective element on the recloser.
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Fig. 7. (a) Bumt fresh redwood with charring in the bark. (b) Burnt fresh
madrone with burning and charring mostly under the bark in the inner wood.
These holes were caused by high pressure steam escaping from inside the
branch as it heated. (c) Madrone side view showing internal wood burnt.

(d) Burnt fresh oak with both bark and inner wood burnt.

On the last test of the second day, the series fault resistance
was removed entirely. This resulted in a dramatically different
fault, as seen in Fig. 8. It only lasted three minutes and, during
that time, the fault quickly ramped up. As the carbon path was
completed, the fault hit 40 A and the recloser quickly tripped.
Table II describes the fault details at Location 2.

Fig. 8. Last test at Location 2 with 0 ohms added series resistance. Final
stages of the fault involved a violent explosion around the faulted branch.
TABLE II
LOCATION 2 FAULT DETAILS
Fault medium Added Fault Maximum
resistance duration rms
«Q) (mm:ss) current (A)
Arc box with piston 800 0:22 7.5
Arc box with piston 800 0:03 7.5
Arc box with piston 800 1:00 7.5
and dried sod
Moss- and lichen- 800 23:45 0.01
covered oak branch
Freshly cut bay laurel 800 10:00 5
branch
Freshly cut madrone 800 10:00 5
Freshly cut oak 800 14:14 5
Freshly cut redwood 800 17:00 5
Freshly cut eucalyptus 800 12:00 5
Freshly cut eucalyptus 0 3:36 40

The last day of testing was performed on Feeder 2 at a
location 4.5 linear miles from the substation. The weather was
again clear. Location 3 was in a redwood forest, so the ground
was moist and covered in a layer of redwood needles and some
short grass. Six tests were performed at Location 3. The first
three were with the wire-on-ground simulator, and the last three
were with tree branches. For the wire-on-ground simulator, the
series fault resistance was adjusted to 100 € to allow for a more
true-to-life fault while still limiting the maximum fault
amperes. All three tests were relatively short before being
cleared by the recloser. After the first test, which only lasted
3 seconds, the conductor was raised higher above the ground
and the actuator set up so that the conductor could be rapidly
raised and lowered from the ground. This allowed the arc to
form on the ground and then be drawn up into the air as the
conductor was raised back up. This test provided data on highly
active arcing faults. Dry sod was added under the conductor for
the third test but, even then, the fault quickly progressed and
the recloser cleared the fault after 33 seconds.



Next, three tests were performed with tree branches and the
series fault impedance removed entirely. It was deemed
acceptable to remove the fault impedance based on results from
Location 2. The tree branch itself introduces enough impedance
to limit the fault current until the branch has a complete
carbonized path, then the fault becomes low impedance and the
current quickly spikes up. The first branch test lasted for about
30 minutes before the branch burnt through and broke. After
12 minutes, and at only 0.25 A of fault current, the branch
began to catch fire and by 0.5 A the branch was steadily burning
from both ends. The current was only 1.3 A when the branch
broke. The last test at Location 3 was different from all the other
tests. This test is explained in detail in Section V. Table III
describes the fault details at Location 3.

TABLE III
LOCATION 3 FAULT DETAILS
Fault medium Added Fault Maximum
resistance duration rms
«Q) (mm:ss) current (A)
Arc box with piston 100 0:03 20
Arc box with piston, 100 0:10 20
raised above ground
Arc box with piston, 100 0:33 15
raised above ground
over dried sod

Freshly cut bay laurel 0 30:00 40
Freshly cut bay laurel 0 1:00 5
Freshly cut redwood 0 51:00 5

IV. DETECTING AN EARLY-STAGE TREE-CONTACT HIF

As described in the previous section, various realistic high-
impedance tests were performed on two feeders with a
three-wire, unigrounded configuration. These tests yielded
several observations:

o Different fault locations generated different fault
current signatures, as expected, confirming the need to
design tests at various feeder locations.

e Depending on the surface of contact, downed
conductors may not experience drastic bouncing or
movement due to low magnetic forces resulting from
low currents. The fault may sometimes establish a

steady arc and, hence, steady-looking current
signature. Certain HIF algorithms are based on
detecting varying arc signatures and fail to operate for
such cases.

e With normal load still present on the system during
testing, realistic fault signatures at the substation can
be obtained. These fault signatures differ from the
signatures obtained from ideal tests performed without
system load considered, as waveforms only at the test
location are obtained.

e Vegetation-related faults tend to be higher impedance
than wire-down faults based on the testing performed.

e The main revelation of the tests was that when a wire
touches a branch, the fault begins as purely resistive in
nature. The faults on a three-wire, unigrounded system
started off in the subampere range where the system
unbalance existed and slowly increased in magnitude
over tens of minutes, still maintaining the resistive
nature. Initially, the heat generated by the fault
expelled the water in the branch as steam for the first
few minutes with an audible sound. Next, charring of
the branch or bark began. The observation of the first
two stages of steam expulsion and charring matches
the findings in [15]. During these two stages of the
fault, its resistive nature was observed. Once a
carbonized path was fully established on the branch or
bark, the nature of the fault became more erratic due
to fluctuations in the arcing.

Fig. 9 highlights these observations, showing the gradual
increase in ground current magnitude during the initial stages
of the fault, slow decrease after the branch begins to dry, and
finally the arcing stage where the current dramatically
increases.

Based on our observations, we propose an algorithm to
operate in the early resistive stage of the fault. The real power
flow increasing trend between the faulted phase and ground that
occurs due to the fault being resistive can be leveraged along
with the real power flow decreasing trend between the
nonfaulted phases and ground. Additionally, the logic can be
secured by two more factors: limiting the operating range of the
algorithm to be below a ground current threshold and checking
that the change in power factor is close to 1 during the fault.
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Ground fault current signature for a madrone tree branch between a live phase and ground.



A. Computing Real and Reactive Power

The following equations compute the effective real and
reactive power flow between all phases and the ground.

P = real(Vyphasor * IGPhasor)/LOOO kW A3)
. . Vv o leproo
QpG _ lmaglnal'y( pPhasor GPhasor )/1’000 kVAR (4)
where

Igphasor 18 the complex conjugate of Igppasor
p = Phases A, B, and C

B. Calculating Reference Values

The reference values used to compare the increase and
decrease of quantities are moving average values. The reference
values are computed for real and reactive power of each phase.

C. Calculating the Power Factor Change

The power factor change quantity is computed for every
phase and computes the increase in real power as compared to
the increase in the apparent power. The goal of computing this
quantity is to ensure that the power dissipated through the fault
is mainly resistive.

D. Detection Logic

A flowchart of the detection logic is shown in Fig. 10. The
logic performs four checks, as shown in the figure, and starts
incrementing a pickup counter when all four checks pass. When
the pickup counter is greater than the counter threshold, a fault
detection is declared for the phase the checks were run for.
When any of the checks fail, the pickup counter is reset to zero.
The checks performed are as follows:

1. The first check is to detect an increasing trend in the
real power of Phase p, where p = A, B, or C, by
comparing the real power against the sum of the
moving average and a margin that can be decided
using a setting generally set to detect an increase
between 2 and 10 percent as compared to the reference
or moving average value.

2. The second check is to detect a decreasing trend in the
real power of the remaining two phases by comparing
the real power against the moving average decreased
by a margin that can be decided using a setting
generally set to detect a decrease between 1 and
5 percent as compared to the reference or moving
average value.

3. The third check is to detect that the power factor
change is close to 1 by comparing it against a setting
generally set between 0.85 and 0.99 to ensure that the
power flow to ground is mainly real power.

4. The fourth check is to detect that the ground current is
low and below a defined setting generally set between
1 and 5 A, so the logic only operates during the
resistive stage of the fault.

A

Zero pickup
counter
A

Phase p real power
value greater than the sum of its
reference value and a power
increase margin?

Remaining two phases
real power values less than the
reference value decreased by a
power decrease margin?

Phase p power
factor change value is greater
than the power factor change
threshold?

Ground current less
than maximum ground
current threshold?

Increase pickup
counter

Pickup counter
value greater than counter
threshold?

Declare Phase p
resistive fault

Fig. 10. Phase p resistive fault alarm logic, where p = A, B, or C.

V. EARLY-STAGE HIF ALGORITHM IN PRACTICE

As elaborated in Section II and Section III, various HIF tests
were performed on two three-wire, unigrounded distribution
feeders. Tests where the conductor was on ground surfaces like
mud or grass showed more immediate changes in the ground
current as compared to tests where the line was on a branch or
a tree. The rise in ground current can take minutes, if not tens
of minutes, and even then, the ground current is low for such
vegetation contact scenarios. Algorithms using techniques like
a change in harmonics or detection of variability in ground
current fail to operate for these faults, but subampere current
can still cause a fire, as demonstrated by the tests.

The logic in Fig. 10 is tested against these events where it is
difficult to detect faults. Settings used were as follows: at least
a 5 percent increase in real power of the faulted phase, at least
a 2 percent decrease in the real power of the unfaulted phases,



a change in power factor greater than or equal to 0.95, and
ground current below 2 A. If all the checks stay true for
10 seconds, which is the counter threshold, a fault is declared.

A. Event 1: Oak Branch Between Phase-C Wire and Ground

The first event is on an oak branch between Phase C and
ground on Feeder 1, which was the seventh event on Day 2, as
seen in TableIl. The event is 14 minutes long. The first
300 seconds see a slow and steady rise in ground current to
around 1.95 A, as moisture in the bark is expelled, followed by
a slow and steady drop in ground current for 100 seconds to
around 1.8 A, as the branch starts charring. After this, the
current rises more rapidly and variability in ground current can
be seen as multiple arcs and flames form on the surface of the
branch. At this point, the branch could easily have started a
larger fire depending on the surrounding conditions. See
Fig. 11a for the previously described ground fault current
signature. See Fig. 7d for the branch after testing was finished.

As the fault is Phase C, relevant plots with respect to Phase C
are shown. Fig. 11b, Fig. 11c, and Fig. 11d show the real power
flow between the phases and the ground for all three phases.
For a Phase-C fault, an increase in the real power flow to the
ground is seen when the fault starts at around the 1:20 minute
mark, which satisfies the real power increase criteria in Fig. 10.
The other two phases, A and B, see a decrease in real power
flow at the same time and satisfy the real power decrease
criteria for the unfaulted phases. Next, in Fig. 12, the power
factor change in the faulted phase C goes close to one after the
fault starts, while for the other two phases, it does not.
Unfaulted Phases A and B do not pick up, as expected. Phase C
picks up immediately after the fault starts when all required
conditions are true and alarms once the pickup counter crosses
the counter threshold of 10 seconds. The pickup drops when IG
current magnitude crosses 2 A around the 500 seconds mark.
The algorithm would have successfully avoided ignition of the
branch had it been deployed on the system.
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(a) Ground fault current signature for an oak tree branch between Phase C and ground. (b) Real power flow between Phase A and ground with the real
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ground with the real power increase threshold.
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B.  Event 2: Long Redwood Branch That Mimics a Small
Tree Between Phase-C Wire and Ground

Following is the description of the test and results on a long
redwood branch that mimics a small tree between Phase-C wire
and ground. See Fig. 13. This was the last event on Day 3, as
seen in Table III. The event is on Feeder 2 on a redwood branch
between Phase C and ground. The event is 52 minutes long. For
the first 20 minutes, a slight decreasing trend is observed in the
actual ground current magnitude in Fig. 14a but the power flow
from Phase C to ground actually sees a steady increase as seen
in Fig. 14d, which then reflects in the real power flow from
Phase C to ground. During this time, steam is expelled from the
bark. After 20 minutes, the bark starts charring for a few
minutes. At around the 25-minute mark, arcing starts, though
the current is still low, indicating that as the branch or tree gets
charred, arcs can start forming on the surface even at lower
current. At around the 46-minute mark, it appeared as though
the entire branch was on fire due to multiple arcs forming on
the surface, as seen in Fig. 13, even though the current
measured is still less than an ampere. A fter this, the current rises
more rapidly and variability in ground current can be seen even
though the measured current is still below 5 A. As the fault is
Phase C, relevant plots with respect to Phase C are shown. The
real power increase criteria for the faulted phase C and real
power decrease criteria for the unfaulted phases A and B are
met, as seen in Fig. 14b, Fig. 14c, and Fig. 14d, respectively.
Next, the power factor change rises close to one after the fault
starts for only Phase C, as seen in Fig. 15c, while it does not for
the other two phases, as seen in Fig. 15a and Fig. 15b. As

500 600 700 800

Time (s)

(a) Power factor change for Phase A to ground. (b) Power factor change for Phase B to ground. (c) Power factor change for Phase C to ground.

expected and desired, the logic alarms only on Phase C in
10 seconds, indicating an initial stage vegetation contact on
Phase-C wire. The algorithm would have successfully avoided
ignition of the branch, as seen in Fig. 13, had it been deployed
on the system.

Fig. 13.

Location 3: Image of the long redwood branch on fire due to
multiple arcs forming on the surface.
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This algorithm detected faults for all wires on branch- or
tree-staged faults in Table II and Table II1. As this section has
demonstrated, a real power-based algorithm for detecting
vegetation HIF faults in their early stages can be successfully
deployed on an edge-computing device. This algorithm could
be integrated into IED firmware, but firmware has a long
development cycle and traditional microprocessor IEDs have
many limitations including memory space for long event
storage, inability to quickly patch firmware, and the need for a
very rigid architecture so that core protective functions are
always operational. The events studied in this paper lasted up
to one hour, rendering traditional 1-second events at 16 samples
per cycle useless. However, running this algorithm and others
like it on an edge-computing device introduces enormous
advantages like terabytes worth of event storage, allowing for
minutes-long recordings at 2 kHz or higher sample rates, easy
software patches to test and deploy new algorithms, and a
separation of HIF detection from core protection functions
(time overcurrent, reclosing, etc.). The main hurdle is
communications between the IED and the edge-computing
device, but with the advancement of digital substations, the
hurdle is now only a small step to solve.

The research in this paper would have been impossible
without an edge-computing system as described in Section I,
and there is immense promise in using similar systems not just
for research but for detection and system protection from HIFs.

VI. CONCLUSION

This paper highlights the benefits of HIF field testing on
operational distribution feeders using new edge-computing
technologies with advanced data recording capability and
advanced processing power for algorithm development and
verification.

e A setup like this accomplishes various goals: extended
data collection, which is reliable, real system events
being captured for more than just a few seconds; the
separation of HIF detection from core protection
functions; and a nimble algorithm development
process that allows for quick updates to algorithms, as
the user is not locked to an IED’s firmware.

e The HIF field testing helped obtain data at the
substation through existing instrument transformers,
thus capturing actual system load data and the ground
return path. Various useful observations were
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(a) Power factor change for Phase A to ground. (b) Power factor change for Phase B to ground. (c) Power factor change for Phase C to ground.

obtained, like fault characteristics for ground contact
and different branch contact, the maximum current,
and the process of the fault progressing in a branch
from moisture expulsion to complete burning.

From the observations made during these staged tests
that captured the slow-developing faults, the nature of
the fault during the initial stage was characterized and
an algorithm based on real power was proposed to
detect it when the current is at subampere levels.
Though the algorithm is for a three-wire, unigrounded
system, the same burning characteristics of the
vegetation occur on four-wire systems, and the
algorithm proposed paves the way for the more
complex, four-wire, multigrounded system HIF
detection.

The testing also validated the operation of various
other later-stage algorithms that were developed using
the data from the advanced recording setup.
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