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Abstract— Islanding detection is becoming an increasing
concern as deployment rates of inverter-based distributed energy
resources rise. Occasionally, on circuits with many different
types of inverters, adverse interactions between inverters could
make islanding detection difficult. Also, detection of single-phase
open circuits based on the standard relay package can be difficult
for inverters. This paper reports on an exploration of the
potential use of a negative sequence voltage element (47) as a low-
cost mitigation option for these scenarios. Simulation results
from test circuits and from detailed models of real-world circuits
are reported. The results suggest that there generally is an
increase in the negative sequence component when an island
forms, but it is not always very large, and it depends strongly on
the negative sequence response of the inverter. Thus, study with
detailed inverter models would be required to determine whether
negative sequence relaying would work in a given application.
The results also indicate that negative sequence relaying is not
effective in detecting single-phase open circuits.

Index Terms—Islanding Detection, Single Phase Open,
Distributed Energy Resources, Negative Sequence Relaying.

I. NOMENCLATURE
DER Distributed Energy Resource
DTT Direct Transfer Trip
EPS Electric Power System
NDZ Non-Detection Zone
PLCP  Power Line Carrier Permissive
POI Point of Interconnection
RoCoF Rate of Change of Frequency

Il. INTRODUCTION

N island is an electric power system (EPS) that has its

own sources and loads and is capable of operating
autonomously.  Islanded operation may be planned and
intentional, as is the case with microgrids. Islands can also be
formed unintentionally, in which case they generally were not
planned and do not have the proper infrastructure for
protection and regulation. Most distributed energy resources
(DERs) are not equipped for intentional island operation, so all
islands formed with such DERs are unintentional, and their
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operation in unintentional island mode must be limited in
duration to avoid risks to personnel or equipment.

Most DERs today detect and prevent unintentional island
operation using some combination of passive and active
detection means. Passive island detection involves analyzing
the terminal voltage and/or current of the DER for some
trigger signature that indicates island formation. Examples
include over/undervoltage and over/underfrequency, rate of
change of frequency (RoCoF), vector shift or phase jump, and
shifts in harmonic spectrum or total harmonic distortion. The
primary challenge in using passive methods is in quantifying
trip conditions and times-to-trip that provide good sensitivity
(detecting all islands) while maintaining adequate selectivity
(freedom from false or nuisance trips).

Active island detection involves deliberately injecting a
harmonic or some other perturbation of the DER output in
order to force a change in the terminal voltage or current upon
island formation. There are many varieties of active island
detection. The most effective variants use some form of
positive feedback on frequency or phase, such that the injected
perturbation increases as the error signal increases. Lists of
the active and passive methods can be found in [1-3].

Accumulated experience with inverter-based sources has
suggested that the aforementioned challenge with passive
methods in guaranteeing sufficient sensitivity and selectivity in
“all” real-world conditions can be difficult. As a result, most,
but not all, inverters for use in DERs today utilize one or more
active island detection methods along with passive methods,
while synchronous generators tend to rely on passive methods,
in particular RoCoF and vector shift.

Recently, concerns have arisen over the effectiveness of
active islanding detection methods in high-penetration
scenarios. One of the most oft-cited worries (among others) is
that DER inverter manufacturers use proprietary active island
detection schemes, and some of these may interfere with each
other when they appear in the same island. It is likely that
industry will resolve this problem in the future via some form
of communications-based island detection, because in general
the  communication-based  methods’  performance is
independent of the mixture of DER types, penetration level,
load characteristics, or use of grid support functions.
However, at present those schemes are somewhat costly or are
not fully proven. Thus, system operators and protection



engineers are seeking mitigation strategies that can be applied
at low cost and with minimum lead times to inverter-based
DERs when a situation arises in which there are concerns
about the effectiveness of active island detection. The purpose
of the investigation reported in this paper was to explore
negative sequence voltage relaying for this application.
Negative sequence relaying has been considered for this
application previously. Some investigators have studied
negative sequence current injection to create a negative
sequence component [4], negative sequence voltage injection
to create a negative sequence current and thereby measure
negative sequence impedance [5], or the use of negative
sequence voltages to accelerate positive feedback-based
islanding detection [6], but these methods require changes to
the inverters and cannot be applied in the situation described
here. ~ Others have studied applying various advanced
processing techniques to the negative sequence voltage or
current [7-9], but the proposed extra processing methods are
not commonly available as off-the-shelf software modules in
utility-grade hardware.

This paper details an exploration of whether the negative
sequence voltage might be used as a low-cost add-on islanding
detection method in high-penetration cases. Negative
sequence voltage relaying is attractive for this application
because, if effective, in most cases it can be implemented at
much lower cost than DTT owing to the fact that many three-
phase PV plants will already have an interconnection relay
making voltage measurements at the POI. If this relay is
properly selected it can have a negative sequence voltage (47,
or 59Q) element, and in that situation adding negative
sequence relaying would have a very low incremental cost.

Another recent concern that could potentially be addressed
by negative sequence relaying is single-phase open circuits.
For safety reasons, it is required that PV plants cease to
energize the portion of the open phase that is downstream from
the open circuit. Some utilities conduct a single-phase open
test during PV plant commissioning, and during some of these
tests the PV plant under test has been observed to run on for an
extended period of time, and in some cases indefinitely. This
is clearly undesirable, although there is no current standard
that provides a recommendation for the allowable time to trip
for a single phase open condition. A negative sequence relay,
either at the POI or at the inverter terminals, could detect and
prevent this condition.

Zero-sequence relaying is briefly discussed in this paper as
well because it may have some of the same applicability as
negative-sequence relaying, and may in some cases already be
deployed to prevent ground fault overvoltage. Zero-sequence
relaying could be applied at the POI, but it often cannot be
applied at the inverter terminals because many PV plants are
connected to distribution circuits using transformers containing
a delta winding.

I1l. THEORY

A. Basic concept of negative sequence island detection

The reason that a change in the negative sequence voltage is
expected when an island forms is because inverters produce an
essentially balanced output current (or equivalently they have a
high negative-sequence impedance), but in general the load on
a distribution circuit is significantly unbalanced.

A generic distribution circuit hosting two PV plants is
shown in Figure 1. Islands could be formed by opening the
main feeder breaker, the recloser Ry, or the sectionalizer S;.
Opening of the sectionalizer S; would not create any concern
regarding unintentional islanding because the island thus
formed does not include a Var source, so clearing times for
plant PV, would be short [10]. There would likely be no
concern about an island formed at recloser R; either, because
although there is a Var souce in that island, the recloser
isolates only one PV plant and thus likely contains only one
make and model of inverter. As long as that inverter utilizes
positive feedback-based active islanding prevention, then the
risk of an extended clearing time is still remote [10]. For an
island formed at the feeder breaker, there are two PV plants
and two Var sources. If it is possible to achieve both a real
and reactive power balance in the island (a “P-Q balance” in
the island), neither PV plant comprises more than 2/3 of the
total generation on the circuit, and different makes and models
of inverters are used, then additional study of this island may
be warranted [10].
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Figure 1. Generic distribution circuit with two PV plants:
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In some cases, further study of the island may indicate that
there is an unacceptable risk that the clearing times of the PV
plants in the island may violate the two-second threshold
recommended in IEEE 1547-2003™. In this case, typically
the only available mitigation strategy is direct transfer trip
(DTT) between the breaker that forms the island and all DER
plants within the island. DTT is effective but expensive; the
cost of DTT frequently renders PV projects unfeasible. A
nascent technology, power line carrier permissive (PLCP),
may soon prove to be a viable alternative [11], and
commercial PLCP systems are available today, but at present
PLCP is still relatively costly.

The mechanism by which negative sequence relaying would
work in islanding detection with inverter-based sources is that
the inverters will produce a (primarily) positive sequence
output current, but that current flows into unbalanced loads,
resulting in an unbalanced voltage containing negative and



possibly zero sequence components.  Most three-phase
photovoltaic inverters use a dqO reference frame controller like
that described in [12], or its equivalent, to produce an
essentially positive sequence (balanced) output current. These
controls cause inverters to exhibit relatively high effective
negative-sequence impedance [13], so even under islanded
conditions with the generation-load balance described earlier,
the inverter will maintain a reasonably balanced output
current.

Phase-phase voltage imbalance in three-phase power
systems leads to a number of well-known problems, including
increased system losses, increased heating in three-phase
motors and transformers that shortens equipment lifetimes, and
measurement errors that can lead to equipment malfunction.
Thus, power system operators go to significant lengths to
ensure that three-phase voltages remain reasonably well-
balanced. Negative sequence voltages can have serious
adverse impacts on some equipment, such as motors. The
voltage unbalance is quantified by the voltage unbalance factor
(VUF), which is defined as the ratio of the negative to the
positive sequence voltage [14]:

VUF = V2
=7 1)

Because of the deleterious impacts of negative sequence
voltage, system operators typically arrange phase loadings so
as to limit the VUF to 3% or less, and field measurements
suggest that for most circuits the value is much less than that
[14]. However, the load currents are in general much less
balanced, especially at the distribution level. Load unbalance
is as high as 40% in North American distribution systems [15],
because single-phase load usage tends not to be well correlated
between phases. The impedance of the distribution system
itself is also unbalanced because distribution lines are rarely
symmetrically transposed, and this will also contribute a small
negative sequence voltage component.

When an island is formed, the (essentially) balanced three-
phase inverter output current flows into the unbalanced load
and system impedance, resulting in an unbalanced set of three-
phase voltages that will in general include a negative sequence
component, and also a zero-sequence component in four-wire
circuits with grounded-Y loads. Because the level of
unbalance in the load is generally much larger than the level of
unbalance in the voltages while grid-tied, formation of an
island would be expected to lead to a jump in negative and
zero sequence voltages that will persist and can be used to
indicate that an island has been formed.

Negative sequence relaying would operate alongside the
usual over/undervoltage and over/underfrequency relaying. As
discussed above, for islands with inverter-based sources, in
general the over/undervoltage relays will have a nondetection
zone (ND2Z) if there is a close source-load match in real power,
and the frequency relays will have an NDZ if there is a close
source-load match in reactive power (the “P-Q balance” case).
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The addition of a negative sequence voltage relay adds the
constraint that in addition to P-Q balance, the load would also
have to be closely balanced phase-phase to achieve a sustained
island, thereby reducing the size of the NDZ and the risk of
forming a long-lived unintentional island.

B. Basic concept of single phase open detection

The idea behind single phase open detection using negative
(or zero) sequence relaying is similar to that of island
detection. When a PV plant sources power to a circuit in
which there is a single-phase open on the three-phase trunk
upstream from the PV plant, the portion of the circuit
downstream from the single-phase open is still energized by
the PV plant. This condition can be difficult to detect because
the remaining two phases are still grid-tied, so their voltages
and frequency will not change significantly. If there is not a P-
Q balance on the open phase, then that voltage on that phase
should deviate and there should be a negative (and/or zero)
sequence voltage component.

In theory, a single-phase open can happen anywhere on an
overhead circuit due to breakage of a line after which the
downstream end (the end still energized by the PV) does not
make contact with the ground. This would be a rare
occurrence; the more common cause of a single-phase open is
blowing or dropping of a single fuse out of a three-phase set.
Some utilities also use single-pole tripping and reclosing at the
distribution level.

C. Drawbacks and challenges

Negative and zero-sequence relaying are expected to have
two significant challenges in these applications.

1.) Negative sequence relaying will have an NDZ. It will fail
to detect islands with loads that are very well balanced
phase-to-phase. The definition of “very well balanced”
will depend on the trip threshold used. Similarly, if the
open phase during a single-phase open condition has a P-
Q balance, then the voltage will not change appreciably
and negative sequence relaying may not detect the single-
phase open.

2.) The fundamental tradeoff between sensitivity (detecting
the target condition) and selectivity (not detecting
conditions other than the target condition, or “false trip
immunity”) can be difficult in practice.

IV. SIMULATIONS

This section presents simulation results designed to test the
effectiveness of negative sequence voltage relaying for
islanding and single-phase open detection. Results are
presented for a simple test circuit, and then for two real-world
distribution circuits.

A. Procedure

1) Simple test circuit

Figure 2 shows the 13.8 kV test circuit used to obtain these
results. The model is in the MATLAB/Simulink
SimPowerSystems environment. The circuit includes a source



at the upper left, source and circuit segment impedances
(orange outlined blocks), a capacitor (pink block), impedance
and motor loads (solid orange blocks), and a PV plant (lower
right, green block). The total load on the circuit is about 1.05
MW. The PV plant is represented by a generic constant-power
controlled current model and is not using active islanding
detection. This model exhibits a fast control response and has
a very high negative sequence impedance, about 1000 times its
positive-sequence impedance. The total three-phase real and
reactive power flow into the island have been balanced at the
feeder breaker (“FdrBkr”, outlined in red in Figure 2), so a P-
Q balance is established. The impedances are set so that this
represents a high-impedance circuit and a “weak”
interconnection.
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Figure 2. Test circuit used in this work.

Simulations were run that included a sequence of events:
starting of the large three-phase motor load directly across the
line at t = 1 s, switching of the capacitor bank at 7 s (off) and 8
s (on), and finally island or single-phase open formation at 9 s
by opening the appropriate phases of the feeder breaker. P-Q
balance was established as follows: the real loading was
selected so that when the island forms the phase voltages at the
POI would remain within the IEEE 1547 under/overvoltage
trip thresholds (0.88 pu and 1.1 pu respectively), and the load
Vars were balanced using the capacitor such that the frequency
remained within the 59.3 Hz to 60.5 Hz band when the island
was formed.

Simulations were run for loads with and without phase-
phase balance. In the balanced load case the load consisted of
impedance load connected in grounded-Y, and three-phase
induction motor load connected to the circuit using a YG:yg
distribution transformer. About 20% of the total load was
motor load. For the unbalanced load case, the loads on Phases
B and C were equal, and Phase A had approximately 5% more
load comprised of single-phase induction motors (SPIMs) and
parallel R-L impedance load. The 5% unbalance figure was
selected because with this level of unbalance, all three phase
voltages remained between the voltage trip thresholds. If the
imbalance were larger then one of the phase voltages would
have breached a threshold, and standard voltage relaying
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would detect the island in either 1 s (if one phase exceeds 1.1
pu) or 2 s (if one phase drops below 0.88 pu).

2) Real-world circuits

Simulations were also performed on two real-world circuits
for which detailed models were available. These models in
MATLAB/Simulink/SimPowerSystems were derived from
CYME database information for the circuits. The two test
circuits are described in Table 1. For confidentiality reasons,
detailed diagrams of the circuits are not shown, but the fault
current strengths at each PV plant POI are provided to give an
idea of the circuit impedance as seen from the PV plants. Both
of these circuits are fairly extensively branched, and in both
cases, there were certain loading conditions under which
detailed transient modeling suggested that an island could
persist for longer than 2 s. For Test Circuit 1, all of the DERs
are PV plants and thus are inverter-based. For Test Circuit 2,

1™ < one of the plants is PV/inverter and the other two are CHP
Branchzie Lecd .| plants using synchronous generators. This case was added for

“completeness, in order to probe the impacts of the presence of
the rotating machines.

Table 1. Descriptions of real-world test circuits used in this study.

LLL
. Voltage | MDL Peak Total Number current
Designator ) (MW) load DER of DER at POIs
~mMw) | (MW) plants A
Test 1856,
Circuit 1 13.8 251 5.79 4.3 2 1156
7255,
ot | 132 | 113 | 28 | 59 3 3840,
3840

Detailed, manufacturer-specific controller and hardware
models are used for all DG plants on these circuits. The
inverter models will realistically represent the negative-
sequence rejection capabilities of the inverter controllers, and
thus have a high but not infinite negative-sequence impedance
that is on the order of 40 to 80 times the positive sequence
value depending on inverter make and model.

B. Results

1) Unbalanced motor load, island case, test circuit

Figure 3 shows the phase-ground RMS voltages (per-unit)
during the event sequence for the unbalanced load case. Each
event is marked in the figure. The unbalance between phase
voltages is visually apparent; the phase voltages range from
about 1 to about 1.02 pu prior to the event sequence. Between
1 and 2 s, the voltage sags by approximately 5% as the large
motor load starts, and recovers to a level about 1% below the
starting value when the motor reaches rated speed. The
voltage sags again between 7 and 8 s as the capacitor is turned
off, then back on. There is a voltage spike that reaches about
1.12 pu as the capacitor turns on. When the island forms at 9
s, the voltages separate and become unbalanced as the
balanced PV current flows into the unbalanced load. The three
phase voltages all remain within the IEEE 1547-2003 voltage
trip thresholds, so this island would not be detected by passive




under/overvoltage relaying.

Figure 4 shows the frequency measured at the PV POI
during the sequence of events, and again each event is marked
in the figure. Momentary “blips” in frequency occur during
the different events due to transient phase jumps that are
interpreted by the frequency measurement (a PLL in this case)
as a frequency transient. When the island forms at 9 s, the
frequency drops slightly because the island was slightly net-
capacitive, but it remains well above the 59.3 Hz
underfrequency trip threshold recommended by IEEE 1547-
2003, and thus this island would not be detected by the
frequency relay. (Note that a RoCoF relay likely would have
detected this island. However, RoCoF relays have a very
difficult sensitivity/selectivity proposition in this application,
further discussion of which is beyond the scope of this paper.)

Figure 5 shows the negative and zero sequence voltages
during the sequence of events, normalized to the nominal
positive-sequence value. Both the negative and zero sequence
voltages show a number of pulses during the various transient
events, but these all have durations of one or two cycles. Once
the island forms, a persistent negative sequence voltage
appears. Thus, it is possible to provide immunity from false
tripping on the other events in the sequence using a longer
time to trip. A delay of 0.5 s would be more than sufficient
according to the simulation results. In this case the magnitude
of the negative sequence component increases by
approximately an order of magnitude, from about 0.4% of the
nominal positive sequence value in steady state to about 3.4%
when the island forms. The zero sequence voltage increases
by about a factor of six, from a pre-island value of about 1% to
an islanded value of 6.1%.

2) Balanced motor load, island case, test circuit

Simulations were then run using the test circuit with the load
balanced phase to phase (and with P-Q balance), and the
results are shown in Figures 6 and 7. Figure 6 shows the RMS
phase voltages and Figure 7 shows the sequence voltages. As
before, the voltages and frequency remain essentially at the
nominal values when the island forms, but with the load
perfectly balanced the persistent negative sequence component
after island formation is undetectably small. This is the NDZ
that was described earlier, and the negative sequence relay
would fail to detect this island.
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3) Balanced motor load, single phase open case
Figures 8 and 9 show the RMS phase voltages (Figure 8) and
the sequence voltages (Figure 9) during formation of a single-
phase open on the test circuit with the unbalanced motor load
but with P-Q balance on the circuit. In this case the phase that
is opened is Phase C, and the phase carrying the unbalanced
load is Phase A. The single-phase open forms at 9 s. Figure 8
shows that there is a clear separation of the phase voltages at
that point, but again all three phase voltages remain within the
IEEE 1547-2003 voltage relaying thresholds. However, figure



9 shows that the negative and zero sequence components jump
from nearly zero to approximately 6% of the positive-sequence
nominal when the single phase open forms. This condition is
easily detected. Also, as in the island case, selectivity can be
achieved by using a delay time, and 0.5 s would provide a high
amount of margin.

Figure 10 shows the frequency measured during the same
sequence of events, and as expected there is no change in the
frequency at 9 s because two of the phases are still grid-tied.
Thus, frequency relaying would not detect the single-phase
open.

RMS phase voltages, single phase open, balanced load
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4) Unbalanced motor load, single phase open case
The results obtained in the unbalanced-load single-phase
open cases depended strongly on which phase was opened

versus which phase was carrying the unbalanced load, and
where on the circuit the single-phase open is formed. The
negative sequence voltage did rise in cases in which the
opened phase is the one carrying the bulk of the unbalance, but
even in this case the amount of increase in most cases was only
1-2%, which makes the sensitivity/selectivity tradeoff difficult.
If the opened phase is one that was not carrying a significant
portion of the unbalanced load, then the negative sequence
voltage may not change much at all.

Examples are shown in Figures 11 and 12. Figure 11 is
from a simulation of the test circuit with unbalanced motor
load in which Phase A is carrying the unbalance, and with the
circuit P-Q balanced. The single-phase open is formed on
Phase C att =9 s. Figure 11 shows that there is no detectable
change in the negative sequence voltage when Phase C is
opened, which is the expected result because there is a P-Q
balance on Phase C so that the Phase C voltage does not
change.

Negative and zero sequence voltages during single phase open, Phase C
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Figure 11. Negative and zero sequence voltages during single-phase open
test, test circuit, opening phase C.

Figure 12 shows the same situation as Figure 11, except the
single phase open is formed on Phase A, which is the phase
carrying the bulk of the unbalance. Figure 12 shows a small
change in the negative and zero sequence voltages, which
arises because in this case there is not P-Q balance on the
opened phase. However, the amount of change is still
probably too small to achieve both sensitivity and selectivity;
the values of both negative and zero sequence voltages change
from near zero to about 0.5% of nominal.
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5) Detailed Circuit #1, island test case

Figure 13 shows the negative and zero-sequence voltages
during an island event formed at t = 2 s on Detailed Circuit #1.
The load is fairly unbalanced, as shown in Table 3.

Table 3. Phase loadings on Detailed Circuit #1.

Phase Loading relaé%e to average
A +4.26
B +2.13
C -6.10

Detailed modeling indicated that this island was stable and
would persist until externally perturbed. Unfortunately, while
there is a clear change in the negative sequence voltage when
the island forms, the negative sequence magnitude during the
island is about 0.5% of the positive sequence nominal, which
is too small to be relied upon for relaying purposes. There is a
somewhat larger change in the zero sequence voltage in this
case, to about 1.5%, but this also is sufficiently small that
achieving selectivity is problematic.

Because the level of loading unbalance was high enough
that a larger negative sequence voltage was expected in this
case, further investigation was conducted to see whether the
negative sequence response of the inverter might be a factor.
The simulation was repeated using the generic PV plant model
from the testbed, which has a much “stiffer” negative sequence
response than the real inverter, and the result is shown in
Figure 14. With this change, the change in negative sequence
voltage was 3.7%, which suggests that the negative sequence
response of the inverter is indeed a factor in keeping the
negative sequence voltage low.
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Figures 13 and 14 show that the negative sequence voltage
is steady before and after the island, so it is unlikely that any
form of advanced processing would enable this condition to be
detected. The load was constant in these simulations, and in
reality the load would not be rigidly fixed, so the steadiness of
the negative sequence voltage is somewhat artificial.
However, it is debatable whether the load could be counted on
to change within 2 s after island formation in all cases.

For completeness, the negative and zero-sequence
impedances were also calculated for these cases to ascertain
whether these parameters might enable detection. The result
was similar; the changes in negative and zero sequence
impedance were quite small, so based on these simulation
results neither negative sequence nor zero sequence impedance
would successfully detect the island.

6) Detailed Circuit #2, island test case

Figure 15 shows simulation results from an island test at t =
10 s using Detailed Circuit #2, which the reader may recall
includes both PV and synchronous generators. In the detailed
risk of islanding study, this island persisted for 3.4 s before the
distributed generators tripped. This circuit is more unbalanced
than Detailed Circuit #1, as shown in Table 4.

Table 4. Phase loadings on Detailed Circuit #2.

Loading relative to average
Phase %)
A -6.74
B +9.58
C -2.86

Figure 15 shows that there is a larger increase in the negative
sequence voltage in this case, from much less than 1%
(because this is a stiff circuit) to over 2%, with considerable
oscillation in the calculated negative sequence component
caused by changes in frequency during the island event.
Setting a negative sequence voltage threshold and time-to-trip
that could detect this event is possible in this case, but margins
would be low and achieving selectivity may be challenging.
Again, it is suspected that the negative sequence response of
the inverter is preventing the negative sequence voltage from
rising as high as one might expect based on the load
unbalance.

Negative and zero sequence voltages during island, Detailed Circuit #2
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Figure 15. Negative and zero sequence voltages during an island event at t =
10 s on Detailed Circuit #2.




7) Detailed Circuit #1, single phase open results

Table 4 shows the change in negative and zero sequence
voltage when single phase opens are formed on each phase.
The loading was the same as in the island condition, in which
the reader may recall the island was stable and lasted
indefinitely. The results here are similar to those in the test
circuit: there is a change in the negative sequence voltage, but
it is much smaller than expected and probably not useful for
detection of the single-phase open circuit. A similar
conclusion applies to the zero sequence, the results for which
are shown in Table 6. The change is too small for reliable
detection, and in one case the zero sequence voltage actually
drops when the single phase open is formed.

Table 5. Changes in negative voltages during single phase open formation on
Detailed Circuit #1.

Negative sequence voltage
Opened phase (percent of nominal) Change
Before After
A 0.10% 0.34% 0.23%
B 0.11% 0.34% 0.23%
C 0.10% 0.67% 0.56%

Table 6. Changes in zero sequence voltages during single phase open
formation on Detailed Circuit 1.

Opened phase Zero sequence voltage (percent

of nominal) Change

Before After
A 0.28% 0.63% 0.35%
B 0.28% 0.15% -0.13%
C 0.28% 0.60% 0.33%

8) Detailed Circuit #2, single phase open results.

Table 5 presents the results of single phase open circuit
simulations on Detailed Circuit #2. The loading is again the
same as in the island test case. The results are somewhat
better in this case; the negative sequence voltage rises from
close to zero, to over 2%, which is a detectable change but is
still small enough that false trip immunity could be a problem.

Table 7. Changes in negative sequence voltages during single phase open
formation on Detailed Circuit #2.

Negative sequence voltage
Opened phase (percent of nominal) Change
Before After
A 0.062% 2.4% 2.3%
B 0.059% 3.3% 3.3%
C 0.065% 2.8% 2.7%

Table 8. Changes in zero sequence voltages during single phase open
formation on Detailed Circuit 2.
Zero sequence voltage (percent
Opened phase of nominal) Change
Before After
A 0.12% 1.7% 1.5%
B 0.11% 2.4% 2.3%
C 0.11% 1.8% 1.7%

V. CONCLUSIONS

Based on the results presented here, it can be concluded
that negative sequence relaying may in certain circumstances
have some value in detecting islands in high-penetration
situations on distribution circuits, but the applicability appears
likely to be limited, in part because the negative-sequence
response of the inverters themselves appears to reduce the
change in negative-sequence voltage. A detailed transient
study using accurate inverter models would be required to
determine whether the method could work, and if so what the
pickup value should be. A delay of 0.5 s appears to be
sufficient for this application based on the results shown here.
The same conclusion applies to negative sequence impedance
relaying; the changes in negative sequence impedance upon
island formation were sufficiently small that achieving
sensitivity and selectivity simultaneously would be very
challenging.

The results also suggest that negative sequence relaying
may be of limited value in detecting single-phase open circuits
upstream from PV plants. Negative sequence impedance also
did not change appreciably in these cases.

It should be noted that the PLCP technique mentioned
briefly in the Introduction to this paper would solve both of
these issues if the signal is injected and detected on each phase
individually an if phase-phase cross-coupling of the PLCP
signal is not an issue.
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