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Abstract

Faulted lines must be repaired and returned to service in the shortest possible time to
provide reliable service to the customers. Fault detection is an important aspect of
system protection, as it involves personnel as well as equipment safety.

The research on High Impedance Fault (HIF) detection techniques is mainly based on
conventional methods, familiar to the power system engineers. TXU Electric Delivery
(TXUED) and ABB have initiated a project to collect HIF data from staged-fault testing,
to assist ABB in the research and development of suitable techniques for detecting High
Impedance Faults.

Since most Protective Relay Engineers have spent their careers avoiding faults on the
electric system, they are not usually comfortable with the process of staging faults on a
system in service. The purpose of this paper is to describe one method of staging faults
that is both safe for utility personnel performing the tests and results in no interruption or
break in service to the utility consumers connected to the distribution feeder. Also, the
analysis of the resulting HIF test data is discussed. These staged fault tests occurred on
January 27-29, 2004 and also on September 27-28, 2004 on a distribution feeder at the
TXU Huntington Substation near Lufkin, Texas.

Introduction

Electric utilities use overhead energized conductors to transport electrical energy to
consumers. There are over one million miles of overhead distribution lines in the United
States, supplying energy for industrial, commercial, and residential customers. The
overhead conductors are exposed to the elements and to abnormal conditions. In some
cases, the conductors fall to the ground and, depending on the surface, establish a
conducting path. If the surface is concrete, sand, grass, gravel or asphalt, a high
impedance fault (HIF) can occur, in which case the fault current is much smaller than
that of a typical phase-to-ground fault. The HIF’s small fault current makes detection of
such events difficult with conventional protection devices.

The danger with downed conductors is the risk of public contact with the energized lines.
Human or animal contact with downed conductors can result in serious injury or even
death. The problem is further complicated once a downed conductor is detected. If a
relay trips a circuit breaker at a substation, the loss of power to vital public entities, such
as hospitals, airports, and traffic signals, can result in life-threatening situations of equal
or greater magnitude. Thus, the problems facing power system protection engineers are
to first detect these HIF disturbances with high reliability and then to react appropriately
to trip the faulted power system circuit.

High impedance faults result when an energized primary conductor contacts a quasi-
insulating object, such as a tree, a structure or equipment, a pole crossarm, or falls to
the ground. Typically, a high impedance fault exhibits arcing and flashing behavior at the
point of ground surface contact. The significance of these hard to detect faults is that
they represent a serious public safety hazard as well as a risk of arcing ignition of fires.
As such, high impedance fault detection has been a major concern of protective relaying
for a long time. Relaying engineers and researchers have been challenged for a long time
to develop a suitable technique that will detect high impedance faults with a reasonable
degree of reliability while being secure against false detection.



Protective relays are usually designed to protect equipment (line, transformer, etc.) from
damage by isolating the equipment during high current conditions. High impedance
faults are typically found on distribution circuits and result in very little current. High
impedance faults do not pose a threat to equipment and by their nature they can not be
detected with conventional protective relay devices. Nonetheless, the dangers of a
downed conductor are obvious to all. Possibility of fire, property damage, and someone
coming into contact with the live conductor are the major concerns.

Tripping the breaker following HIF detection is not a clear-cut choice. While the high
impedance fault is a danger, tripping the feeder unnecessarily will create new hazards
by de-energizing homes, traffic signals, offices, hospitals etc. The effects of incorrectly
determining a high impedance fault can have economic and legal ramifications.

The utility must always have the safety of the public as a top priority. The HIF detection
system must be reliable (correctly detect most HIF events), but it must also be secure
(must not respond to non-HIF events). Clearly conventional overcurrent detection
technology is inadequate to identify and act upon a HIF with reliability and security.
However, HIF detection has not been possible in the past and realistic detection
algorithms are not anticipated that can detect 100% of all downed conductors, while
having 100% security against misoperation. The utilities need an economic solution and
a system that can reliably detect most high impedance faults and are also secure in that
they do not falsely detect a high impedance faults.

Reported Work in High Impedance Fault Detection

The IEEE Power System Relay Committee working group on High Impedance Fault
Detection Technology [1] defines High Impedance Faults as those that 'do not produce
enough fault current to be detectable by conventional overcurrent relays or fuses'.

Some of the earliest high impedance fault detection schemes involved arcing fault
detection techniques that used low frequency current components and are described in
[2]. A conventional high impedance fault detection technique that monitors and evaluates
the high frequency components of each cycle of an alternating current is described in [3].
Reference [4] describes a conventional detection technique that compares energy
values of load currents to preset thresholds in order to detect an arcing fault on a power
line.

Another high impedance fault detection scheme devised a neural network detection
system that is trained to identify high impedance fault is described in [5]. Reference [6]
describes a conventional high impedance fault detection technique that uses a neural
network to detect high impedance faults that rely on derivatives of the maxima and
minima of the load current. The results of long term high impedance fault detection tests
conducted with the collaboration of five utilities and including staged faults, naturally
occurring faults, and normal system operation were published in [7]. Results of the
testing of three high impedance fault detection systems are reported in [8]. In another
high impedance fault detection study [9], the results of years of experience with high
impedance fault detection and testing are summarized. This technique was implemented
in a product which uses multiple algorithms based mainly on energy, randomness,
interharmonics, etc. in layers as described in [10].



There have been many other attempts to detect high impedance faults and are
published in literature. They are reported in some of the references provided. It can be
appreciated that conventional means for detecting high impedance faults in electrical
power lines are typically not always conclusive and/or reliable and can be expensive.
Therefore, a need exists for a new reliable and economic solution for detecting high
impedance faults in electrical power lines which addresses the engineering and legal
ramifications of detecting and determining what to do once a high impedance fault is
detected.

A New Approach toHigh Impedance Fault Detection

A new approach for detecting high impedance faults is described in [11]. The approach
uses three algorithms based on higher order statistics, wavelets and neural networks,
and uses decision logic to determine the detection of the high impedance faults.

This new approach to high impedance fault detection includes a multi-scheme high
impedance fault detection scheme employing individual fault detection systems each
having their own algorithm that use various features of phase and/or ground currents to
individually detect a high impedance fault. Suitable features of the currents include their
waveform signatures, their sample values, etc. Figure 1 shows a schematic diagram of
an electrical power distribution system having an electrical power distribution line and a
composite high impedance fault detection system.
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Figure 1. Electrical power distribution network having a composite high
impedance fault (HIF) detection system.

The composite high impedance detection system includes three individual high
impedance fault detection systems and is shown in Figure 2. These individual high
impedance fault detection systems have separate algorithms for discretely detecting
high impedance faults. These algorithms are based on higher order statistics, wavelet
and neural network. The individual high impedance fault detection algorithms can each
have a different confidence level depending on the HIF characteristic. A fault is identified
as a high impedance fault once it is detected independently by the algorithms and
processed through the decision logic.
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Figure 2. Composite high impedance fault detection system.

Prototype HIF Detection Unit and Data Collection System

High impedance fault detection algorithms discussed above have been extensively
tested between 1998 and 2000 using data generated at the laboratory. The results of
this testing are reported in Reference [11]. The laboratory results encouraged ABB to
explore the possibility of implementing the techniques in an embedded platform so that
the benefits of HIF detection can be passed on to the users of protective relays. A
project was undertaken in 2000 to this effect which also include the testing of the
implemented algorithms with additional field data. Additional HIF field data was obtained
in 2002 from a research laboratory that independently performed staged-fault testing in a
distribution system. The implemented system required adaptation and modification to
perform satisfactorily both with laboratory data and acquired field data.

Once satisfied with the performance of the implemented HIF algorithms, with laboratory
and acquired field data, ABB approached TXUED to verify the performance of the unit
and collection of HIF data with staged-fault testing. TXUED responded to the request
positively and a collaborative project started for the staged-fault testing and HIF data
collection.

In addition to the two prototype HIF detection units, a separate data acquisition system
for the HIF staged-fault testing was also developed as shown in Figure 3. This has been
done to collect data from the staged-fault testing, independent of the HIF detection units,
for future use and replay of the fault events. The data acquisition system is based on
National Instruments Labview PC software using off-the-shelf Data Acquisition System



(DAS) card and other hardware from National Instruments. Assembly of the data
collection system and development of the software for the system was done at ABB. The
sampling frequency used for data acquisition is about 20 kHz.
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Figure 3. HIF detection units along with the data collection system.

Physical Test Layout and Testing Procedures

The actual staged fault tests were preceded by a series of meetings with all concerned
parties to determine and finalize the physical test setup, the responsibilities of each
party, the procedures that would be followed, and the safety concerns that must be
addressed. The work group consisted of the following:

1.

2.

Representatives from the distribution operations group that would do the actual
line construction and primary switching.

The protection and control group that would connect the detection system into
the secondary circuits, operate the substation equipment and the relay protection
scheme.

The safety group that would review and validate the operation procedures.

The system protection group that would coordinate and provide administrative
support.

The equipment manufacturer who would provide test equipment and data
recording.

The Physical Test Setup

Because staged fault testing is not something that utilities perform on a regular basis,
the group designed and pre-trialed a detailed testing arrangement. Because the forces
developed by the arcing conductor were not fully known, particular care was taken to the
control of the conductor to be placed in contact with the test materials. Figure 4 shows
the final form of the test arrangement.



Figure 4. Physical test setup.

In basic steps, the staged fault test consisted of placing a test material under the test
conductor, positioning the test conductor just above the material, checking that the test
area was safe, removing the safety ground, closing the fused cutout, starting the data
recording devices, and lowering the test conductor until contact was made. The test was
concluded when the fuse blew or the desired test data was acquired or the conductor
burned up, or the operator decided that nothing was going to happen. The conductor
was then raised, the fused cutout was opened, a safety ground was connected to the
test conductor and the area made safe for inspection.

The use of a control post served two purposes. First to remove most of the weight from
the conductor section under test, thus making control of the test conductor under test
much easier. Second to remove physical stress from the distribution line and the cutout
device. The use of two control ropes proved to be a very good system. Control of the
conductor was very precise and this gave us the ability to vary the contact surface area
and the point of contact on the surface while most importantly, maintaining a safe
environment during the conductor being energized.



Figure 5. Photograph of one of the test location.

Since these tests were performed on a loaded in service distribution feeder, coordination
studies were performed to determine the size of fuse for coordination with upstream
protective devices. The existing time overcurrent protection was not changed, but the
size of the fuse to the test site was set to assure coordination over the expected period
of the test. A relay crew was present at the substation breaker to reclose the feeder if
the feeder breaker had been tripped. This precaution proved unnecessary for our series
of test. Even the close-in staged faults at the substation did not trip the feeder breaker.
Most current levels produced by our test were well below the pickup of the overcurrent
relay validating that HIF conditions render conventional protection useless.

Since high impedance faults can occur on many different surfaces and these different
surfaces result in different arcing and load characteristics, a selection of different test
surfaces was utilized during the staged fault test. The surfaces used for testing include
concrete, gravel, sand, asphalt, tree and a combination of these surfaces.

The Testing Procedure

TXUED’s corporate policy is that all testing, switching, or work of any kind in our
substations can be done only after a written procedure has been made and approved.
This policy has been proven to save many hours of grief and therefore, the staged fault
test required a written procedure.



The Lufkin Protection and Control group (under the direction of Tony Bruton) wrote the
procedure for creating high impedance faults in a controlled manner so that the desired
data can be collected. This procedure was reviewed by all parties on the work group and
by the System Protection procedures personnel as an outside independent group.

Safety Concerns

Since safety supersedes all other activities, the presence of safety representatives at all
stages of our testing was very important. This assured that not only our process was
safe, but also that safety personnel were comfortable with our final test procedure when
it was presented for approval. This level of detail contributed greatly to our confident
execution of the tests themselves. Simply stated, each member of the team knew his
job and the test proceeded without incident.

The Test Environment

A 25 kV feeder served from TXU Energy Delivery Huntington Substation near Lufkin,
Texas was chosen as the test site. Huntington 25 kV feeder 1307 is served from a 138-
26.4 kV, 28 MVA, delta-grounded wye Transformer with 8% impedance. Relay
protection consists of time overcurrent phase and ground Westinghouse CO relays with
no instantaneous. A 24.9-12.5 kV step-down autotransformer is installed approximately
6 miles from the substation. Two voltage regulators and a 15 kVA voltage booster
transformer are in the feeder circuit between the substation and the remote test site.

The HIF faults were staged at two locations on the feeder as shown in Figure 6. The two
test locations where chosen to provide a very remote location on the feeder (with an
interposing transformer) and a close in location. Since for both tests, the detection
system was located at the substation, the HIF detector would be tested at both
extremes. The remote Test Location 1 was located about 12 miles from the substation
on the 12.5 kV side of the 24.9 12.5 kV step down autotransformer. Test Location 2 was
located just outside of Huntington Substation on the 25 kV feeder exit.

A cutout with a 10A/20A fuse (during January testing) and 65A fuse (during September
2004 testing) was used as the HIF interrupting device at the 25 kV test location. A
cutout with a 10A/20A fuse (during January testing) and 10A/20A/30A fuse (during
September 2004 testing) was used as the HIF interrupting device at the 12.5 kV test
location. The maximum fuse rating was chosen based on a coordination study to
determine what size fuse would blow without operating any upstream protective devices.
No modifications to the existing feeder protection or at the substation were required.
Feeder reclosing was disabled during the staged fault tests to assure in the event of an
HIF evolving into a permanent fault was clear and safe. Continuous communications
between the test site supervisor and the substation personnel were maintained before,
during and after the HIF test. In the event of a feeder operation, the test site supervisor
would instruct the substation personnel to manually close the breaker only after the test
location was safe.



Detailed Test Procedure

Following testing procedure was implemented:

Communicate beginning of tests to all involved
Verify fuse is not connected

Raise conductor above test surface using upper rope
Apply tension to lower rope

Remove safety conductor grounds

Communicate energized conductor to all involved
Pull Safety Fuse

Communicate lowering of rope to all involved

Lower conductor onto the surface while removing all slack from lower rope
10. Hold positions for 15 seconds

11. Communicate raising of conductor to all involved

12. Raise conductor

13. Pull Safety Fuse

14. Attach safety ground conductor

15. Apply next surface or move rope to next guide post

CoOoNOORwWN =

The Test Experience

January 2004 Testing

A few days prior to the staged testing, the Huntington Substation area had received
several inches of rain. The water saturated surface decreased ground resistance
considerably. This made it difficult to achieve desirable HIF events, especially close to
the substation. This resulted in fuse blowing too quickly to record the desired data.
Because the prepared testing materials had been stored in a dry location, this allowed
the dry test materials to be place in position and tested. After the dry surfaces were
tested, water was applied to decrease the ground impedance and complete the
remaining tests.

September 2004 Testing

Three days prior to the staged-fault testing, the Huntington Substation area had received
some amount of rain. The water in the ground decreased ground resistance somewhat
from the one that was existing prior to the rain. However, the purpose of planned testing
again to collect more useful HIF data was achieved. It was planned beforehand to use
higher rated fuses based on ABB’s other staged-fault testings experience in April 2004
and in June 2004.
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Remote Testing at Test Location 1

January 2004 Testing

The primary voltage at Location 1 was 7.2 kV phase to ground and testing easily
achieved HIF conditions on the dry test materials. The soil and grass tests immediately
blew the interrupting fuse because of the saturated ground surface condition (low
impedance). The dry sand and gravel sustained the live conductor on the test material
surface for several minutes without blowing the safety fuse. The HIF finally blew the fuse
by creating a low impedance path through the test material.

Figure 7. HIF on sand surface.

Two inches of asphalt essentially insulated the conductor from ground. There was no
visible sound or arc to indicate that the conductor was energized. After several minutes
the test was stopped when data recorder reached its storage limit.

Concrete also sustained the live conductor on the material surface for several minutes
without blowing the fuse until a low impedance path was burned through the material.
Concrete produced much more visible arcing and created glass tubes apparently from
the sand in the concrete. The test continued for about a minute until the conductor itself
melted. Wet materials produced a rapid blowing of the interrupting fuse.

12



Figure 8. HIF on concrete surface.

September 2004 Testing

The soil and grass tests were not attempted based on earlier experience. The 10
ampere fuse proved to be too small and was replaced with a 20 ampere fuse following
the first attempt on the concrete surface. However, 20A fuse was not adequate for most
of the attempt on concrete, sand and gravel surfaces. Fuse rating was increased to 30 A
in the last few attempts. One of them was on sand which was detected at the monitoring
station at the 25 kV level. Finally, one attempt was made to create an HIF using a
freshly cut pine tree branch. The tree sustained the fault for 13 minutes without blowing
the fuse, at which time, the HIF test was stopped.

Figure 9. HIF on tree.
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Close in Testing at the Substation (Test Location 2)

January 2004 Testing

This location was more difficult even with the dry materials due to the higher primary
voltage and the saturated ground. The primary voltage at Location 2 was 14.4 kV phase
to ground and initially, the interrupting fuse was 10 amperes. The 10 ampere fuse
proved to be too small and was replaced with a 20 ampere fuse. The soil and grass tests
were not attempted because of the wet condition of the test area.

The dry sand and gravel sustained the live conductor on the surface for a few seconds
before blowing the 20 ampere fuse as a low impedance path burned through the
material. The concrete was then placed on the sand in an attempt to increase the ground
impedance. This material surface also sustained a live conductor for several minutes
before blowing the fuse. Concrete produced much more visible arcing, again created
glass tubes from the concrete, and after several seconds blew the interrupting fuse.
Amazingly 2.5 inches of asphalt insulated the conductor from the ground. The asphalt
surface produced no arcing; a very slight sound and some smoke were observed.
Adding water to the materials was not attempted at 25 kV due to the experience on the
soil and grass surfaces.

September 2004 Testing

Lessons learned from the January 2004 testing and other staged-fault testings were
used successfully to increase the fuse rating to 65A. The soil and grass tests were not
attempted based on earlier experience.

The concrete slab was not able to hold the fault long enough before the fuse was blown.
The fault resistance was increased by adding layers of sand below the concrete surface.
Amazingly, no fuse was blown while staged-fault testing was performed using gravel
surface. Only one fuse was blown while using sand as the test surface. This was a
significant improvement in creating HIF conditions from the January testing. The
response of the asphalt surface is similar to that experienced during January testing.

Figure 10. HIF on gravel surface.
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Figure 11. HIF on asphalt surface.

Test Results

The data collection and HIF detection system did not perform as expected at either Test
Location 1 or Test Location 2 during January 2004 testing. In many of the test cases, the
fault duration was too short due to the fuse blowing or the level of fault current was too
low. In other cases, the detection unit did not operate with the implemented algorithm
and setting. However, the staged testing provided enormous amount of information to
further investigate the HIF characteristics.

A series of staged-fault tests were again performed in September 2004 at the 25 kV
location to collect HIF data. During this testing 15 faults were detected out of 18 faults.
Three additional tests were performed on asphalt surface with no detection. Staged-fault
testing was also conducted at the 12.5 kV level, even though monitoring was done at the
25 kV level. Monitoring at the 12.5 kV level was not attempted because of
inconvenience of interfacing the data acquisition system.

Lessons Learned

A staged fault test sequence can be completed on an active feeder without tripping the
feeder and its customers. Pre-test planning meetings and written test procedure
prevented surprises and accidents. Buy-in by all parties, especially the construction
crews, was an essential part of the preparation. Safety needs to be part of the planning
from the beginning. Be prepared to modify testing as opportunities become apparent,
but follow the procedure as much as possible and make sure that any deviations are
discussed with all parties. The environmental conditions are critical to the successful
detection so be aware of pending weather and have a second test date if possible. Pre-
testing of data acquisition system would have indicated noise in some of the data
channels due to inadequate shielding which was subsequently rectified after the January
2004 testing. Also, some blown fuse cases where the fault cleared very fast only
provided a few cycles of HIF data as seen mostly during the January testing.
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Conclusion

In conclusion, it can be said that the objective of the staged-fault testing for HIF data
collection was achieved. The tests were conducted without any safety issues which can
be associated to the planning and expertise of the Lufkin Distribution crew.

The results from the TXUED staged-fault testing and testing at other utility locations
indicates that processes have been developed to collect, analyze and use HIF data
reliably in developing the HIF detection technology.
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