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Abstract: Industrial Power systems that serve critical process loads are often served by high
impedance grounded, or ungrounded, power distribution systems. These systems are intended to
allow continued operation of the process loads despite a single phase-to-ground fault on the
system, allowing time for maintenance personnel to find and resolve the fault without unplanned
equipment shutdown. The risk associated with these systems is that a second phase-to-ground
fault, on a different phase, creates a phase-to-phase fault with much higher fault currents than
those associated with the initial phase-to-ground fault. These phase-to-phase faults can take a
variety of paths, often through process equipment not intended for carrying fault current. The
fault current is limited by the impedance of the fault path and may not be sufficient to quickly trip
larger phase current-sensing circuit breakers. Where the faults occur with sufficient electrical
distance between the two connections to ground, it is possible for two ground-fault trip units to
see the fault and respond. When there are not ground fault trip units or both fault points occur
downstream of a single ground fault trip unit, other means are necessary to ensure proper fault
clearing. This paper will explore the use of negative sequence overcurrent sensing to detect these
faults at levels and speeds not achievable using conventional circuit breaker technology. Potential
fault conditions will be explored, with comparisons between phase overcurrent, ground
overcurrent, and negative sequence sensing and the levels at which each might be able to detect
and interrupt the fault current. The paper will also show that the use of negative sequence sensing
makes possible the detection and interruption of these fault currents securely and at values less
than maximum load currents. Finally, the paper will provide guidelines to aid in determining
which systems, or where in the system, the maximum benefit can be achieved through use of
negative sequence sensing.

Background

In the interest of maintaining continuous process operation, many industrial systems are operated
either ungrounded or high-impedance grounded. In these systems, a single line-to-ground fault
will draw currents small enough that circuit breakers or fuses used as feeder or branch circuit
protection will not trip. This allows the faulted circuit to remain in service while the ground fault
is located and corrective measures planned and implemented. These single faults on the system
are typically detected by a shift in voltage-to-ground of each phase. The detector may be a
voltage relay or may be as simple as light bulbs connected in grounded wye. Current-based
detection of single ground faults in ungrounded systems is not practical while, in high impedance
grounded systems, current in the grounding impedance indicates the presence of a fault but not
the location. Some high-impedance grounding systems provide a means to pulse the ground
current between two values, such as 5A and 10A, to aid in tracing the ground fault.

The presence of a second ground fault before the first fault is found and repaired creates a line-to-
line fault through ground. The amount of ground current returning to the source remains at the
low levels of a single fault; but the fault current between the two faults can, depending on fault
resistance, be much higher, and is likely to flow through paths not intended to carry fault currents.
Depending on the fault impedance and the rating of the downstream device(s) nearest the fault
locations, the fault can persist for extended periods. While the fault persists, equipment is subject
to voltage rise, heating due to the current flow, and the effects of arcing gaps and other
impedance points.



Some attempts are made to use residual ground-fault sensing elements to detect these phase-to-
phase faults. When the entire fault current flows through a single residual ground-fault device,
the fault will not be detected as the ground-fault device will measure only the current returning to
the source through ground. The remaining fault current flows out on one phase conductor and
returns on another phase conductor, the sum being very close to zero. When the fault occurs
between two circuits with different residual ground-fault sensing elements, the fault will be seen
and will trip one or both devices provided the fault current is sufficiently large.

Negative Sequence

When using symmetrical components to analyze unbalanced system operation and fault
conditions, the negative sequence is generated by unbalance. A balanced three-phase load or a
bolted three-phase fault will be entirely positive sequence. Unbalanced loads or asymmetric faults
will reduce the proportion of positive sequence current and will produce negative sequence
currents. These unbalanced conditions will also produce zero sequence currents to the extent that
load or fault current flows in some conductor other than the three-phase conductors.

In the ungrounded or high impedance systems, line-to-neutral loads are not permitted, eliminating
one significant source of potential negative sequence currents in the system. The presence of
phase-to-phase loads will produce a negative sequence component to the normal load currents
but, in many cases, this negative sequence current will have a very low magnitude relative to the
total current or to the positive sequence current.

Negative sequence currents on the secondary of transformers will be reflected in the primary
currents. Where delta-wye transformers are used, the negative sequence current in the primary
will be shifted 30 degrees from the secondary, but in the opposite direction to the shift of the
positive sequence currents. When there are multiple step-down transformers connected to the
system under consideration, the negative sequence currents from each will tend to cancel to the
extent that the unbalances behind each transformer are on different phases.

Three-phase motor loads, the principal load on many systems — — —
of this type, do not produce negative sequence currents Zis L Zyc Zij
during normal operation.

Vs
These characteristics suggest that negative sequence currents
may provide a means of identifying and clearing phase-to-
phase faults in these systems.

This is the classic line-to-line-to-ground (LLG) fault. For the
Phase B to Phase C fault analyzed, the sequence diagram is as
shown in Figure 1. The impedances shown as Zlc, Z2c, and
Z0c are the impedances in the “common” branch of the
circuit as used with the parallel faults shown in Figure 3. In
this case, there are no branch currents but, to keep the i»

notation similar, the common branch notation is shared r — +—T 1
between the diagrams. Zyf Zoc Ziy2

Analysis — Single Faults 1 — 1
h Zys

The fault resistance is shown as Zf/2 rather than Zf to align H o
with the fault impedance given in the study results. The study
fault impedance is the total impedance between the two
faulted phases while the typical derivation of the

sequence network has two equal impedances, both Figure 1.




labeled Zf, from each phase to the fault location. For the system considered, 3*Zg is very large
compared to the other impedances. On a 1 MVA base, the 55.4 ohms of resistance necessary to
limit ground faults to SA equates to a 3*Zg of over 720 p.u., while the total positive sequence and
negative sequence impedances are less than 0.1 p.u. It can be seen that essentially no current
flows in the zero sequence branch and that the positive and negative sequence currents are of the
same magnitude and opposite angle.

The very low current in the zero sequence branch of the network shows why ground elements
cannot be used to detect second ground faults in this configuration. A ground element set to
detect a LLG fault would also detect a single line-to-ground fault (SLG). Since the goal is to
allow SLG faults to persist until repaired, the inability to distinguish LLG and SLG faults
precludes using sensitive ground elements in this application.

The negative sequence branch of the network carries essentially the same current as the positive
sequence branch. With this configuration, the positive and negative sequence currents each have a
magnitude approximately equal to the faulted phase current divided by the square root of 3. The
presence of this negative sequence current can be used to distinguish these faults from load for
fault currents less than the maximum load current. The extent to which this can be less than
maximum load current is discussed below under “Setting the Negative Sequence Elements.”

Analysis — Parallel Faults

The sequence network for this fault is shown in Figure 2. This is not a common sequence network
configuration, but portions of it are suggested in several of the references, particularly Power
System Protection and Analysis of Faulted Power Systems.

The impedances Z1c, Z2c, and ZOc in the
network are the common portion, between
the transformer (Zxf) and the point the two
branches split. The impedances Z1a, Z2a,
and Z0a are in one branch to the fault while
impedances Z1b, Z2b, and Z0b are in the
other branch. For the purposes of this
analysis, it is assumed that half of the total
fault impedance, Zf, is on each side of
ground. Given the magnitude of 3*Zg
relative to the rest of the impedances in the
system, the distribution of the total fault
impedance between the phases and
“ground” has little effect on the results.

Zyn — Zg2
Iop

The diagram shows the sequence network
for two simultaneous SLG faults. The
phase-shifting transformers are a result of
the symmetry change in creating a SLG
fault in a phase other than Phase A. In this
case, branch ‘a’ has a fault on Phase B,
while branch ‘b’ has a fault on Phase C. If
one of the faults were on Phase A, all three

Zob oy Zil2

of the transformers for that portion of the Figure 2.
network would be 1:1 with no phase
shifting.



If the 3*Zg impedance is considered to be infinite, it can be seen that the zero sequence currents
in the two branches would be equal in magnitude and 180 degrees apart in phase. With the zero
sequence currents in the branches of equal magnitude, it becomes evident that the negative and
positive sequence currents in the two branches are also of the same magnitude as the zero
sequence currents. In the case under consideration, the amount of current in the common portion
of the zero sequence circuit is very small compared to the zero sequence current in the two
branches, and the currents in the branches are very nearly 180 degrees out of phase.

The phase shifting in the positive and negative sequence networks cause the two branch currents
to be 60 degrees out of phase with each other. The result of this is that the current in the common

portion of the network has a magnitude \/§ times larger than currents in the branches, with the
phase angle in the common portion 30 degrees from the two branches.

If the impedances in the branches are combined and placed in the common portion of the
network, this network will give the same results as the simpler network of Figure 2.

For a fault represented by the network of
Figure 3, breakers or relays on the branches
will see positive, negative, and zero sequence
currents, each with a magnitude equal to 1/3
of the fault current. Breakers or relays on the
common portion of the network will see only
positive and negative sequence currents, and
these currents will each have a magnitude

equal to the fault current divided \/5 .

The Study System

The results presented in this paper are based
on a simple system, Figure 3, designed to
allow testing various fault locations on
feeders of many common sizes. The system
starts with a source supplying 5500 Amperes
of fault current at 12.47kV to a 2500kVA
transformer with an impedance of 5.75%. On
the 480V side of the transformer, the neutral
is grounded through a resistor to limit phase-
to-ground fault currents to SA. A main
switchboard is connected to the transformer
through 50 feet of 9 parallel sets of 500 kcmil
copper cables. At the service switchboard, the

three-phase fault current available is 36,854 A.

The internal feeders are all 50 feet in length;
the 200A, 400A, and 800A feeders are made
of one, two, and four sets of 3/0 copper
conductors in parallel. The 1600A feeders are
five sets of 500 kemil copper in parallel.

The breakers at the service switchboard are

ANSI rated Low Voltage Power Circuit
Breakers. Beyond that board, the 800A
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breakers are equipped with solid-state trip units and ground fault sensing. The 400A and 200A
breakers have thermal-magnetic trips. The system uses circuit breakers from two of the major
manufacturers, although this appears to have a limited effect on the results.

The breaker phase and ground settings were selectively coordinated to the extent possible; some
overlap in the instantaneous region of the phase settings is unavoidable.

Negative sequence trip elements are those of one line of relays. The negative sequence lines on
the trip curves are the relay sense and operate times; an additional 0.12 seconds was added to
each for breaker operating time.

Coordination curves are shown in Figures 4 through 9 at the end of the paper.

The Study

Results of the study calculations are shown in Table 1. Faults of increasing resistance were
created at each load bus and between load busses of the same rating of the different branches.
For each fault resistance, phase currents and sequence currents were calculated using a
MathCAD sheet created for the purpose; these values were checked against results from a
commercial fault-calculation software package. With these values available, breaker trip times
were calculated for tripping based on phase, ground, and negative sequence values. For many
fault resistances, it was found that one or more of the elements would not cause a breaker to
trip.

When the entire fault happens downstream of a single ground unit, the residual current seen
by the ground unit is limited by the grounding impedance, and the ground unit will not trip for
these faults. This will be discussed further, under “Single Faults.”

When the two fault locations are downstream of different ground units, there is residual
current seen by the ground unit. The magnitude of this residual current is not limited by the
grounding impedance but is limited by the circuit and fault impedances.

As the fault resistance increases, fault currents decrease and eventually are low enough that
protective elements will no longer pick up. The clearing times listed in the data include
clearing times in seconds, N/A where the listed element would never trip, and >nnn when the
element would pick up but the clearing time is over 1000 seconds or tripping depends on
where in the tolerance band the specific breaker falls.

With tripping times available, energy dissipated in the fault path is calculated. For tripping
times of “N/A” or >nnn, a clearing time of 1000 seconds was chosen arbitrarily on the
assumption that someone would eventually notice the problem and turn off enough circuits to
clear one of the phase-to-ground faults. The energy dissipated in each fault, if cleared by the
phase, ground, or negative sequence elements, are listed and the lowest value shown. Based
on these energy levels, a best element is selected.

The final column looks at those cases where the negative sequence element is the best element
and compares the energy dissipated prior to the negative sequence element clearing the fault
with the energy dissipated if the second best element clears the fault.

Results

Refer to Table 1. As anticipated, ground elements in the common portion of the system do not
see, and will not clear, these LLG faults. A somewhat unexpected result was that when there
are ground elements in the branches, those ground elements are often the most effective



element in clearing the fault. The results for tests 54-60 and 80-81 show the ground element
clearing these faults faster than either the phase or negative sequence elements; however, in
these cases the ground element is one or more breakers upstream from the fault location. This
is indicated in the Table by the highlighted area.

For bolted faults, phase elements operating in their instantaneous region will provide faster
fault clearing than either negative sequence or ground elements (see tests 16, 23, 30, 37, 45,
53, 61, 69, and 77). Tests 1, 6, and 11 provide similar results with a phase element in its short
time region.

Where a ground element is not available or will not see the fault, and where the fault
resistance is high enough that the phase elements do not trip in the fastest portion of their trip
characteristics, the negative sequence elements can be seen to reduce significantly the amount
of energy released during fault events. In most cases, the energy released in the fault is less
than 1% of that released were the negative sequence element not present. In many cases, the
energy released is less than 0.1% of that otherwise released.

Considerations in Applying Negative Sequence Elements
It is important to establish the normal level of negative sequence current in the system to be
protected. If the entire load is connected between two phases, with no load on the third phase,

the negative sequence current would be the maximum load current divided by \/§ . Setting
the negative sequence pickup at this level will ensure that the negative sequence element will
not pick up for any load condition, but it may be set much higher than need be. For a system
where 75% or more of the load is 3-phase motor load, it may be possible to set the negative
sequence elements at 25% of maximum load, the setting used in this study.

A negative sequence element can overreach a downstream phase sensing element. To check

for possible overreach, the negative sequence element should be plotted at \/5 times its actual
current and compared to the phase element. For example, to check a negative sequence
element with a 100A pickup (I2) against a downstream 125A breaker (phase current), plot the

negative sequence element as though it had a 173A pickup (100A * \/g ). Because this
overreach does not occur on balanced load, it may be decided to allow overreach for increased
sensitivity similar to the way ground elements typically overreach downstream phase
elements.

Because these faults are through a path not designed to carry fault currents, there is a
possibility of arcing during the fault condition. If a 50T type of element is used, there is the
possibility of the timing resetting during the arcing condition if the current drops sufficiently.
Using a 51 element and selecting an integrating (or electromechanical) reset characteristic will
allow the element to resume timing following intermittent interruptions. Selecting the flattest
curve available in the relay will allow relatively uniform timings for higher currents while
maintaining coordination at lower current levels. The curves used in this study are a short-
time inverse curve family based on the IAC-55 relay curves and a definite time curve family
based on the CO-6 relay. These two curve families are similar with the CO-6 type curves
fitting above the IAC-55 type curves. The lower two curves are the IAC-55 curves and the
upper two curves are the CO-6 curves.

It is also possible that an existing system that has never had negative sequence sensing will
have bad power factor correction capacitors or starter contactors that do not make or break



uniformly. One system was found to have several problems creating undesired negative
sequence currents in excess of 50% of load. Once these problems were tracked down and
repaired, the negative sequence current on the system was reduced to less than 10% of
maximum load current.

Application at Higher Voltages

While this study is based on a 480V system, the findings are applicable at higher voltages.
Medium-voltage industrial systems with relays would have different curves for phase and
ground elements, but the general relationships remain. In general, relay ground elements can
be set lower than the ground elements of 480V breakers, but relay ground elements are also
unable to detect these faults when both faulted phases are downstream of the ground element.

Conclusions

Phase protection is effective for bolted faults and faults with very low resistance but can be
very slow for faults with more than minimal resistance; sufficient resistance and a phase
element will not clear the fault.

Ground protection can be effective if the ground element sees only part of the fault. Ground
elements are blind to LLG faults on these systems when the entire fault is downstream of the
ground element.

Negative sequence elements can detect LLG faults on ungrounded or high-impedance
grounded systems whether seeing part of the fault or the entire fault. If the negative sequence
element sees the entire fault it will respond if the fault current exceeds \/g times pickup. If

the negative sequence element sees only one branch of the fault it will respond if the fault
current exceeds 3 times the pickup.
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