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Abstract — High impedance faults are generally not detected by conventional protection functions like over
current, ground fault, distance, differential etc. because of the magnitude of impedance involved in the fault
path and the nature and characteristic of the fault current are special and different than the conventional fault
current profiles. Each type of high impedance fault is unique in terms of magnitude of fault current, nature,
characteristic and waveshape. Majority of the high impedance faults are single phase to ground faults but this
can involve phase to phase elements as well. Because of the inability of the conventional protection functions
to detect high impedance faults especially high impedance phase to ground faults, the electrical conductor
remains live under such condition and as can be imagined, poses a huge and significant risk to wild life and
more importantly human life. Atmospheric and geographical conditions have a significant role to play in high
impedance phase to ground faults since they have a direct impact on the magnitude and characteristic of the
fault current. This paper describes different techniques to detect high impedance phase to ground faults and
focuses on the proven algorithms that have been implemented in protection relays, had been verified by real
site tests and fault inception on live power lines.

The paper is broadly organized as a tutorial. The characteristics of high impedance faults and the challenges
involved in detecting them are described first. The paper then goes on to detail some of the important
techniques in use for high impedance fault detection highlighting their strengths and weaknesses, and some
modern approaches proposed to improve the dependability of protection schemes. In particular, a technique
combining the fundamental and harmonic analysis of the fault waveform is presented, along with its
performance in field trials carried out in co-operation with utilities.

Index Terms — High Impedance Faults (HIFs or HiZ), Harmonics, Downed Conductor, Instantaneous
overcurrent (IOC or 50), time overcurrent (TOC or 51), Sensitive ground/earth fault (SEF or 50SG), Wattmetric
Protection

I. INTRODUCTION, DEFINITION AND CAUSES OF HIGH IMPEDANCE FAULTS

High Impedance Faults (HiZ) generally result when an energized primary conductor makes electrical contact

with a quasi-insulated object, such as a tree, pole, road surface, sidewalk, sod with very high impedance
grounding, or the ground in the case of conductor breaking and falling to the ground. The significance of these
faults is they represent a serious public safety hazard as well as a risk of arcing ignition of fires and little to no
damage to the power system is in most cases. In all these cases, the current flowing to ground is so low due
to significant grounding impedance or possibly no ground contact, that it cannot be detected by conventional
protection functions such as fuses, instantaneous overcurrent (50), time overcurrent (51) or sensitive ground
overcurrent (50SG). High Impedance Faults can also be multiphase faults, if for example a tree limb contacts
two phase conductors.
Throughout the utility industry, there has been differences of opinion on how often HiZ occur. Normally, utilities
do not keep good records on the number of down conductor instances. It is seldom recorded on trouble reports
unless it results in a fuse, breaker operation or since no or little power system damage occurred. While it is
likely that only a few percent (5-20%) of all distribution faults are high impedance faults, means exist to detect
a high percentage of HiZ.

Conventional wisdom of protection engineers is that the majority of downed conductors are detected by
protection relays, however the perception of line crews is that a more significant percentage of downed
conductors still remain energized when they arrive on the scene.

Seasonal and extreme weather conditions can have a significant impact on HIZ.

HIFs are typically caused by:



A. BROKEN CONDUCTOR ON GROUND (DOWNED CONDUCTOR)

A downed conductor occurs when the primary conductor has a physical break from the system. Depending
on the position of the break from the pole/ post the broken conductor may fall to the ground (soil, sand, gravels,
road surface/ asphalt etc.) or may be freely suspended in air, yet still energized. This can occur either if the
conductor breaks and falls to the ground from the source-end or from the load-end. A source-end downed
conductor would occur if the downed conductor gets disconnected from the load but remains connected to
the source such as position 1 in Fig 1. A load-end downed conductor gets disconnected from the source but
remains connected to the load such as position 2 in Fig 1. Typically, downed conductor still connected to the
source-end provides enough current for conventional feeder protection elements to operate, however,
downed conductors from the load-end would typically have some of the distribution transformer impedance
and/or load impedance between relaying point (feeder breaker) and downed conductor with consequently a
very small to no fault current very hard to detect.

Fig 1: Source-end and Load-end Downed Conductors

B. BROKEN POLE ALLOWING CONDUCTOR TO GROUND OR CONDUCTING SURFACE CONTACT

This can occur when the feeder structure pole breaks, and causes conductor contact with either ground or
other surfaces such as asphalt roads, trees, sod etc.

Fig 2: Broken Poles Downed Conductors

C. BROKEN POLE, TREE LIMB OR ICE ALLOWING CONDUCTOR SAG

This can occur when the feeder structure pole breaks, or a tree falls on the main conductors, and cause
them to sag, potentially contacting other surfaces. These might be phase-to-phase events without any ground
fault current.



Fig 3: Ice/ Tree causing downed conductors

D. INTERMITTENT CONTACT WITH TREE LIMBS OR OTHER OBJECTS

This can occur due to excessive sagging, due to feeder structure damaged and moving, elevation of ground
level (e.g. sand terrain), a tree during a storm or objects such as vehicles causing intermittent contact which
could initiate arcing.

Fig. 4 Arcing due to tree branches

E. CONTAMINATED OR FAILING EQUIPMENT

Primary equipment such as insulators, transformers, disconnectors, breakers, fuses etc. might be
contaminated in a harsh environment or start to fail causing very intermittent failures with very low fault current.

Il. IMPORTANCE OF HI-Z DETECTION

High Impedance Faults (Hiz), if not detected and isolated, could have live downed conductors that can be
fatal to public, animals and crewmen. HiZ often would cause arcing causing fires thus could be a fire hazard.
HiZ can occur due to failing insulation of primary equipment failure which could lead to power outages and
loss of production. Inability to detect HiZ faults can cost utilities liabilities and customer service issues.
Performance of HiZ detection must be verified under normal system conditions (noisy feeders, arc furnaces,
arc welders, capacitor switching, line switching and load tap changing) to eliminate unwanted operations.



HiZ detection’s primary function is to protect people and property, whereas most of the protective relay
functions, such as overcurrent or earth fault, protect the power system.

[1l. MISCONCEPTION ABOUT HIZ FAULTS

Some of the general misconceptions about feeder protection and HiZ faults are:

Misconception: Properly set, overcurrent protection will detect, trip and clear all faults on distribution feeder

Reality: HiZ faults often draw very low current (1 — 100 amps), often lower than loads, making overcurrent
protection unable to detect a large range of HiZ faults.

Misconception: Sensitive ground protection typically used to detect low ground current, will detect and
clear HiZ faults

Reality: Unbalanced loads limit sensitivity of ground protection. Moreover, a downed conductor may result
in more balanced loading and reduced neutral current. This can easily mislead the sensitive ground protection
element not to operate.

Misconception: Over time, the fault current in a HiZ fault will increase and operate the protection.
Reality: In most cases, fault current decreases as the conductor burns, moisture evaporates, sand fuses,
etc. overcurrent protection seldom operates after first minute of a fault as fault currents reduces.

Misconception: Faults always clear on my system
Reality: Engineering staffs believe HiZ fault rate is low, but line crew reports many downed conductors are
still hot when they arrive on scene

Misconception: HiZ fault detection technology available today will solve all my HiZ problems
Reality: Today’s available technology will detect many faults that overcurrent technology cannot, but no
known technology can detect 100% of all HiZ faults reliably and securely.

IV. CHARACTERISTICS OF HIGH IMPEDANCE (HIZ) FAULTS

High Impedance Faults (HiZ) draws too little current to operate conventional overcurrent protection, such
as fuses, overcurrent protection IEDs such as 50, 51 or 50SG; hence conventional overcurrent protection is
not able to detect HiZ faults. The fault current levels are in the low to very low range as per Fig 5, and in a lot
of cases lower than load currents.
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Fig 5: HiZ Fault Currents vs Load and Bolted Fault Currents
Some characteristics of HiZ faults and fault currents are:

Little to no effect on voltage, due to the low current, and harmonics of HiZ

Small to very small currents, as described above

Significant harmonic and non-harmonic contents present in the HiZ fault current

There is no single measurable parameter that can be used to detect all HiZ fault conditions



e HiZ fault currents are erratic but tends to decrease over time, often stopping completely after
minutes

e HiZ faults persist from seconds to minutes — sometimes for days!

e Downed conductors which normally occurs due to a break in the conductor, usually leads to a
dropin load, or a momentary overcurrent due to falling conductor contacting a grounded object

e HiZ faults are often accompanied by arcing at the point of contact

If the Phase RMS, Neutral RMS currents and different energy levels of harmonics and the randomness of
these energies are monitored by a device with a sufficiently high sampling rate, the differences between
normal and downed conductor system conditions would be observed as follows: [1]

Normal system currents and energy behavior would typically be:
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Fig 6: Normal System Energy Signatures

A system with a HiZ currents and fault energy behavior would be:
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Fig 7: HiZ Fault Energy Signatures



V. FAULT CURRENTS ON VARIOUS SURFACES

HiZ produce little or no fault current. Typical fault currents range from 1 to 100 amps with a very erratic
waveform. Here are typical results of staged faults at two different test sites for a typical 12.5 kV feeder [4].

TABLE |
TYPICAL FAULT CURRENTS ON VARIOUS SURFACES
12.5 kV Distribution Feeder

Surface Current (A) @ 7200 V L-G
Dry Asphalt <1

Dry Sand <1

Wet Asphalt 1

Wet Sand 5

Dry Sod 10
Concrete(non- 10
reinforced)

Wet Sod 50
Concrete (reinforced) 70

Based on the surveys conducted with a selection of utilities, it may be said that 60-80% of all downed
conductor events can be detected when used with secure settings [1]. With more dependable settings, much
more events can be detected, however with the risk of incorrect operations during load or switching events.

VI. TECHNIQUES AVAILABLE FOR DETECTION OF HIZ FAULTS

A. BROKEN CONDUCTOR DETECTION

One scenario that leads to high impedance faults is when a distribution conductor snaps and the broken
end comes into contact with tarmac, a sidewalk, sand (in a desert) or similar surface. The fault current
magnitude is dependent on the resistance of the surface, and this may be high enough to avoid detection of
the fault by conventional protections.

Most feeder protection IEDs today provide a solution for detecting broken conductors using negative
sequence current (12). With one phase conductor broken, the current drawn from the source end becomes
unbalanced, and the protection IED can extract the 12 component from the phase current inputs. The
presence of 12, however, is not sufficient to declare a high impedance fault; unbalanced load conditions may
be present in the network. In addition, the level of 12 produced for the condition will depend on the loading of
the feeder. The ratio 12/11 is used in practice, thus making the detection less sensitive to the level of loading.

For a broken conductor affecting a single point earthed power system, there will be little zero sequence
current flow and the ratio of 12/11 that flows in the protected circuit will approach 100%. In the case of a multiple
earthed power system (assuming equal impedance’s in each sequence network), the ratio 12/11will be 50%.

In practice, the levels of standing negative phase sequence current present on the system govern the
sensitivity of the protection. This can be determined from a system study, or by making use of the
measurement facilities at the commissioning stage. If the latter method is adopted, it is important to take the
measurements during maximum system load conditions, to ensure that all single-phase loads are accounted
for. If a 10% unbalance is measured during max. load conditions, a suggested setting would be 20%, keeping
in mind load variations and necessary tolerances.

Since sensitive settings are employed for this function, it can be expected to operate for any unbalance
condition occurring on the system (for example, during a phase-phase fault). Hence, a long time delay for ex.
60 sec. is necessary to ensure co-ordination with other protective devices / functions.



B. WATTMETRIC PROTECTION

This technique is widely used in Petersen coil grounded systems, which fall into the category of high
impedance grounded systems. In such networks, any ground fault that occurs is high impedance in nature
with very low levels of primary current. As the name implies, this method involves sensitive power
measurement, and it is applicable only for systems with high impedance grounding.
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Fig. 8: Fault currents in Petersen coil earthed system

The principles of wattmetric protection are well established through years of practice. A ground fault on an
outgoing feeder produces capacitive currents; the capacitive currents from the healthy feeders return through
the faulted feeder as shown. However, the net capacitive current in the fault is balanced by the inductive
current due to the Petersen coil, effectively making the net fault current zero, except for a resistive component
due to losses in the network. The residual power due to the resistive component flows in opposite directions
in the healthy and faulted feeders as shown, and may be used to detect the fault as well as identify the faulted
feeder.

Wattmetric power is calculated in practice using residual quantities instead of zero sequence ones. The
resulting values are therefore nine times the zero sequence quantities as the residual values of current and
voltage are each three times the corresponding zero sequence values. The equation used is:

Pres =V resxIres Xcos(@ — @c)
=9 X Vo XIoX cos(@ — @c)



where:
Vres = residual voltage Ires = residual current

Vo = zero sequence voltage lo = zero sequence current

¢ = angle between Vres and Ires @c = relay characteristic angle setting

Vres = '3V0
A

Active component of
residual current - IR3
Faulted feeder

Operate

Restrain
Active component of lh1

residual current - RCA =0 ° boundary
Healthy feeder

Fig 9: Wattmetric Protection Principle

Wattmetric fault detection has had very good success over the years, and with sensitive measurements
possible in the present generation of IED’s, is capable of detecting faults down to 8kW of primary power [1].
It is important to note that there is no special hardware required in the feeder protection IEDs other than a
sensitive current input to measure low ground currents, for the wattmetric function.

C. GROUND WIRE GRID

Mechanical solutions include the laying of guard wire under the power conductor. The guard wire net runs for
the entire length of the distribution feeder together with the power conductor. In the event of a physical break
in the power conductor, the guard wire grid facilitates to hold the conductor and therefore prevents it from
falling to the ground and thus eliminates the scenarios wherein an animal or human being can possibly come
in contact and get electrocuted. The second major advantage of this solution is that it facilitates the tripping of
conventional overcurrent and earth fault relays by allowing a high current to flow. This happens because the
guard wire mesh is connected to the system neutral/ substation earth at the source point. Thus in the event
of a downed conductor/ broken conductor scenario, the earth wire mesh helps in creating a solid phase to
earth fault that is very easy to be detected by the conventional relays. It can be said that the ground wire mesh
solution provides 100% protection against broken conductor/ downed conductor related faults.

Cost considerations may make this solution less attractive than other techniques. For the solution to be
effective, the wire mesh is required along the entire length of the distribution feeder. The second limitation of
this solution is that it provides protection against broken conductor/ downed conductor related faults only.
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Ground wire mesh/ grid

Fig. 10 Ground wire grid for distribution feeder

VII. IMPROVED TECHNIQUE

The characteristics of high impedance faults have been described previously, and have been a challenge
for protection engineers. It is widely recognized that no single technique is capable of adequate coverage for
the diversity of the voltage/ current characteristics presented by HiZ faults. High impedance fault waveforms
may be very different from fault to fault [6], but they often have commonalities typified by:

e Transient bursting, or intermittent change of amplitude

e Distorted sinusoidal waveform, with considerable harmonic content

The proposed technique uses these characteristics to identify a HiZ fault in the network. In some
applications, it may be necessary to establish the fault direction; this is possible by measuring the
instantaneous power. This is also integrated into proposed technique, which thus consists of three aspects:

- Fundamental Analysis (FA)

- Harmonic Analysis (HA)

A. FUNDAMENTAL ANALYSIS

When a conductor snaps and falls to earth, which is a typical case of HiZ fault, there is the likelihood of
small bursts of current before the current settles. This may arise due to a combination of factors; the conductor
may jump and move randomly as it hits the ground, and the conditions in the fault path may change randomly.
Fundamental Analysis, or FA, makes use of appropriate measurements on the bursts of current to identify a
class of HiZ fault conditions.

The input to the relay is feeder residual current, derived using a core balance CT of appropriate ratio. A
measure of the average value of the ground current is calculated by continually averaging the latest samples,
and this value is stored in a buffer. If there is a sudden increase in current, this will be reflected in a change
of the average magnitude, and this increment is used to start the fault evaluation process. A burst threshold,
which may be adapted for the application, is used to validate the bursts of current; this is supplemented by a
count strategy to identify a HiZ fault condition. FA detection can be triggered by any sudden increase of the
amplitude. However, only those sustained series of changes within a specified time-window is classified as
HiZ fault. The following classification has been arrived at based on comprehensive testing:



Event Classification Criterion

HiZ Fault Bursts exceed set count within time limit

Transient Event Bursts do not exceed count, but two or
more bursts counted

Steady Event Burst threshold exceeded

Shown below is part of a HiZ fault waveform captured during staged testing in sandy ground. The non-
linearity and random bursts in the waveform are easily observable in the 1.2 sec time window shown. The
current stays nominally around a few amperes (primary, RMS value) for majority of the time window, but the
visible bursts have magnitudes in tens of amperes. The response of the FA is illustrated by the ‘FA Burst
Valid’ digital signal highlighted at the bottom of the figure.
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Fig 11: Fundamental Analysis

A crucial aspect of the FA algorithm is that it utilizes changes in the current signal rather than the absolute
value, thereby achieving the sensitivity required for HiZ fault detection. For the same reason, magnitude
changes in the neutral current due to normal operational phenomena such as load variations will not result in
spurious HiZ alarms; these, along with faults that carry high currents, would fall into the ‘steady event’
category.

A typical time window for FA detection would be 2 — 3 sec., based on test cases analyzed; this would have
to be tuned based on field experience in the specific network.

B. HARMONIC ANALYSIS

Another characteristic of HiZ fault conditions is non-linearity, which appears in the arc as well as the ground
path for the fault current. The path resistance is varying periodically according to the thermal condition of each
fault current cycle: when current increases, the heat of fault path accumulates, and the conductance will
increase as well. This will result in harmonics in the fault current. The proposed technique supplements FA
with Harmonic Analysis (HA) to enhance the coverage of HiZ fault conditions.

The harmonic calculations are performed on the incremental samples of ground current — i.e. the change

10



due to the fault condition. As in the case of FA, the use of incremental values makes the technique insensitive
to any standing third and fifth harmonic and noise in the signal. Magnitude and phase calculations for the
fundamental, third and fifth harmonics are carried out, in addition, the harmonics criteria should be satisfied
for a minimum period of time to declare a HiZ fault condition. The criteria used for detecting a fault condition
are:

- The fundamental amplitude is above a threshold. A setting of 2.5A (primary) was used in field tests on a
13.8 KV feeder, 5 bursts in 2s.

- The amplitude ratio between 3 harmonic and fundamental is above a threshold. For the 13.8 KV system
mentioned above, a ratio of 0.1 (or 10%) was adopted for this setting.

- The phase difference between 3 harmonic and fundamental is close to 180 deg. In the field test, the
angle criterion configured was (180-85 °, 180+0 °)

- Time delay for 3 harmonic: 2s.

- The amplitude ratio between 5" harmonic and fundamental is above a threshold. For the field-tested
system, a ratio of 0.02 (or 2%) was adopted for this setting.

- The phase difference between 5" harmonic and fundamental is close to 180 deg. In the field test, the
angle criterion used was (180-115 °, 180+5 °)

- Time delay for 5" harmonic: 1s.

This is illustrated in Fig. 12 below; same characteristic type for both 3@ and 5" harmonics (Only 3¢ harmonic
shown).

Ratio and angle
criteria satisfied +a0

180 = )

Ratio threshold I3/ |4

270

Complex plane I3/ 14

Fig 12: HiZ fault detection criteria for 3 Harmonic Analysis

The waveform from the staged fault test mentioned under FA is given in Fig. 13 below, with the response
of the HA algorithm highlighted

11
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Fig. 13: Harmonic Analysis Detection

It may be seen that the waveform triggers the 3 harmonic HA element continuously, indicating that the
change in the third harmonic component satisfies the fault detection criteria mentioned previously. The same
principle was followed for 5" harmonic HA element

C. ADVANTAGES OF THE PROPOSED TECHNIQUE

As the Hiz fault condition is non-standard in many ways, techniques proposed for detection often involve
special hardware. This is not the case with the proposed technique; it is an algorithm that may be integrated
into feeder protection IEDs. Current measurement made by the sensitive ground CT input of the IED are
sufficient for the algorithm.

Unlike techniques that depend on high frequencies, the measurements in the proposed technique are based
on waveform magnitudes and phase angles at lower frequencies. High frequency signals are more likely to
be affected by noise as well as attenuation due to signal transducer limitations. This makes the technique
more dependable in comparison.

VIII. FIELD TRIALS OF NEW TECHNIQUE

The fundamental analysis (FA) and the harmonic analysis (HA) discussed in the previous section were
subjected to tests by undertaking some field trials at different sites. One of the site trials were simulated in
desert conditions.
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Fig. 14 Test site
Fig. 15 System single line drawing

Tests were conducted on a 13.8 KV feeder with downed conductor simulation carried on rocky sand (i.e.
sand with gravels and stone pieces), asphalt (road surface) and plain sand. Fig. 15 shows the single line
diagram (SLD) of the system. The feeder on which the tests had been carried out has been highlighted.

As can be seen from the SLD, the 13.8 KV feeders are fed from a delta- wye transformer which has a 400A,
20Q, 8KV rated grounding resistor connected to the neutral point at the wye side. In addition to the standard
three-phase voltage and current inputs, the sensitive earth fault input (Iser) of the relay is supplied from a
CBCT with a ratio of 50/1 amps that is installed at the incoming terminal of the circuit breaker (CB) housed in
the switchgear compartment. The CBCT ratio for the staged tests was the norm for the utility. Faults were
simulated on the feeder 3 km downstream from the substation. The high impedance fault detection algorithm

implemented in the relay uses the Iser input only and is not dependent on the phase voltage and current
inputs.

Fig. 16 Staged fault tests — conductor on rocky sand
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The first test was done with the conductor lying on rocky sand, followed by asphalt and deep sand. Fig. 16
above shows the conductor arcing on the rocky sand, and Fig. 17 shows the disturbance record (DR)
extracted from the relay for this case. As far as the case of rocky sand is concerned the conductivity was
relatively good and the typical fault current range was 25A — 90A RMS measured in primary quantities. As
can be seen from the DR the fault current is not steady state in nature and contains instances of bursts and
no burst in a non-periodical fashion. At the point/ area of contact of the conductor with the rocky sand, severe
arcing condition can be seen in the attached picture that is accompanied with violent explosion of sand,
gravels and stone particles which caused glassification.
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Fig. 17 Waveform captured for staged fault in rocky sand

The relay was successfully able to detect the downed conductor on rocky sand and generate a high
impedance fault (Hiz) alarm. In this test case, the relay detected the downed conductor scenario with the
fundamental analysis (FA) criteria, is to look for a given no. of bursts in a stipulated amount of time as
discussed in earlier sections. All relevant parameters for FA detection are settable in the relay.
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Fig. 18 Another waveform profile for staged fault in rocky sand

Fig. 18 is the waveform captured during another run of the staged tests in rocky sand. In this instance, the
relay detects the downed conductor with the 3" harmonic HA algorithm described previously. It may be noted
that although the test was carried out on rocky sand as in Fig. 17, the current magnitude is lower (20-30 A)
and the FA algorithm does not come into play as before. However, the proposed technique caters for diversity
in the HiZ fault waveforms by having two algorithms supplementing each other — FA and HA.
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Fig. 19 Flattening across zero crossings due to arcing

Fig. 19 shows the zoomed-in view of the waveform from Fig. 18 wherein the flattening across the zero
crossings may be seen. This is a typical characteristic of faults that involve arcing. As the voltage wave
passes through the zero crossing the potential available to drive the fault current reduces drastically and as a
consequence the current waveform has ‘shoulders’ around the zero crossings.
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The next set of tests involved laying the conductor on asphalt, as shown in the photograph (Fig. 20).

Fig. 20 Staged fault tests — Conductor on asphalt

Fig. 21 below shows the waveform record from the relay for downed conductor on asphalt. Three distinct parts
are visible in the waveform corresponding to the CB is in open state, the initial steady state period after CB
closure and the final steady state part.
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Fig. 21 Waveform capture — conductor on asphalt
Fig. 22 is the zoomed-in current waveform for the asphalt test case when the CB is open (pre-trigger period

in Fig 21). As may be seen from the record, there exists a steady near-sinusoidal current of 24 mA (Primary,
RMS value) which is possibly capacitive currents measured due to the CBCT location.
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Fig. 22 Conductor on asphalt — pre fault waveform

The current waveform after CB closure for the asphalt surface is given in Fig. 23. As can be seen from the
DR there is an initial steady state part which lasts for approx. 5.5 secs. The magnitude of current during this
period is 200 mA (Primary RMS); the fault current is clearly distinguishable from the pre-fault condition.
However, the current is orders of magnitude lower compared to rocky sand, due to a higher fault impedance
on asphalt.

¥J WAVEWIN S1 GV TE— — e T —m— - - D < ——— =0
Files Data Channels View Values Window Help
Exit System = m O Back & Files 03A17/2017 07.00:18 AM
Dets . - (D) BB B & T 4 a q & CARRES B B oW | W o
B4 Asphalt 40cm_25 02 2015 12 43.09.000.dat - 25/02/2015 - 12:43:09.295 - Secondary - (Peak Type) [E=NEch
CHA«| \f a AELE] Seds Tile A5 [o]x]
2 E gm F& Amplitude 0.630
Current magnitude when /
1 the CB closing is initiated
4 ; 1.2 Akem FA Increment 0.605
9 ﬁmwﬁnnﬂnnnmnmnnnnnnnnnnnnnmnnnnnmmnnnnnnnnnnnnnnnnn
IR RN T
i — = = = = = YT Eiiiﬁﬁéigé%j‘
13 i O A FA Start N N 124303520302
B303- SCC ‘Wed - 25/02/2015 12:43:00.536 Delta X: 240.966 ms (14.458 cyc @ 6i/fs: 1440.922 H; AS: ON Delfta Y: No Bars

Fig. 23 Conductor on asphalt — initial fault waveform
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Fig. 24 shows the waveform capture of the final steady state part of the fault current. The magnitude of fault
current during this period is approx.17 mA (Primary RMS).
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Fig. 24 Conductor on asphalt — fault waveform
In this test case, the fault current was too low for the 3@ harmonic HA element.
With the addition of the 5" harmonic HA element, HiZ operated as in Fig. 25. In this case, the primary fault

current was 40mA RMS, however the 5" harmonic component did detect a significant level of 5t harmonics
(23%) with the phase angle difference in the operating region (73deg).
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Fig. 25 Conductor on asphalt — 5" HA operation

Tests were also carried out on dry sand; Fig. 26 shows the conductor laid on sand surface.

Fig. 26 Downed conductor on dry sand
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The waveform recorded for this test, shown in Fig. 27, is very similar to that of the asphalt test case. There is
a transition from an initial fault current, which lasts approximately 5.5 sec to a lower steady current. The initial
steady state magnitude is about 80 mA (Primary RMS) which steps down to about 40 mA.

Asphalt and dry sand presented very challenging conditions for the relay, with very different fault current
characteristics from the rocky sand test cases. Unlike in rocky sand, there is no burst activity at all in the fault
waveform and the current magnitude, at very low values (< 0.5 A primary) would be insufficient for secure
harmonic detection.

The staged tests in a desert environment validate the industry’s experience with HiZ faults, namely it is not
possible to detect 100% of the fault instances securely. The test cases demonstrated that the new proposed
technique is very effective in rocky sand even when there was quite a diversity in the fault waveforms. Dry
sand and asphalt produced the worst case scenario for fault detection, with the fault current being a fraction
of 1A primary for the 13.8 KV system. With such low levels of fault current, it is practically difficult to make a
secure decision, even with very sensitive measurements. The relay in the staged tests does provide very
sensitive measurements and settings, but this by itself will not guarantee secure operation.
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Fig. 27 Waveform capture — conductor on dry sand
In this test case, the fault current was again too low for the 3@ harmonic HA element.
With the addition of the 5" harmonic HA element, HiZ operated as in Fig. 28. In this case, the primary fault

current was 42mA RMS, however the 5" harmonic component did detect a significant level of 5t harmonics
(23%) with the phase angle difference in the operating region (77deg).

20



b
'
[
b
H : Fés Amplitude 0.045
'
-
W_WWWHW
.
'
b
'
P CH# 3rd ratio 25 554
ol
'l
"{d\\rﬂ\_‘j\ﬂ m%
ol
'
____________________ O FOS S
|
b
b |~
b f| CH St ratio 22 478
i
M WHWWM
ol
................................................................................. I O NSO
[
.
'
b
: \@f—'« Bth diff 76.800
ol
WWFVW\‘WWWWWWMﬁMWﬁMM ARAMAAAAMAMAAAAAAAAR AR AA| (NISEF 0.042
.
'
[
.
N O )
i b
.
b
b CHa, 3rd diff 347,441
[
b
A || — b UL L |
L
435 = TiZ = 2692 | Z.2EE = ZE3Z = 2758 = -
T M Function keu 1 M
1 M Trio Cormand In M
— M LEDE G M
— M Trio Command In M
, # CH Bth Ham N

Fig. 28 Conductor on sand — 5" HA operation

IX. CONSIDERATIONS FOR ALARM / TRIP DECISION

It is necessary to consider, when a HiZ condition has been detected, whether the feeder should be tripped
or only respond with an alarm. Shutting off power supply to critical infrastructure such as a hospital has

implications for human safety, just as a downed conductor poses danger to life.

Considerations for a decision in favour of tripping, as mentioned earlier in this paper, could be:
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e Mitigate or prevent danger to human and animal life.
¢ Preventing wildfires or damage to property
e Limiting any legal liability and litigation

However, the case for tripping is not simple or straightforward, as may be seen below:

e Impact on supply continuity. There may be contractual commitments on service continuity that may
be violated if the feeder is tripped.
As Hiz faults produces relatively low current, there is very little risk of damage to assets.
Settings for HiZ protection are not easy to arrive at, or standardize. Opting for trips may result in
unwanted relay operations in some instances.

e HiZ faults downstream of fuses or close to the tail end of the distribution feeders may be difficult to
identify.

A practical option to consider would be to make the trip/alarm policy application specific. Considerations for
such a policy could be the criticality of the loads served by the feeder or its geographical routing (through
built-up areas, for example). If HiZ protection is being rolled out for the first time or trialled, the preference
would be for alarm only until such a time the relay settings have been tuned and the relay function has
proved itself.

X. CONCLUSION

There is considerable interest in HiZ detection from various parts of the world, due to better awareness of the
fault condition as well as growing safety considerations, especially in the developing world. High impedance
faults produce very low levels of current and are generally not detected by standard feeder protection functions
such as overcurrent or sensitive ground elements. In fact, the behavior of HiZ faults is quite diverse, and there
is general agreement that no single technique is capable of securely identifying all HiZ fault scenarios.
However, a large percentage of HiZ faults can be detected; utilities which presently do not employ any form
of HiZ detection will significantly benefit from rolling out available technologies.

A new technique has been proposed, using sensitive current measurement in a standard feeder protection
device. The technique makes use of typical characteristics of HiZ faults, and does not require any special
hardware or waveform sampling in the protection device. Successful field trials have been conducted to
validate the effectiveness of the technique, which utilizes changes in fault parameters to enhance the
sensitivity of fault detection.
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