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Abstract—With the increases in Distributed Generation, pro-
tection of the utility system has become extremely costly and
complex. Classical solutions to DER(Distributed Energy Re-
source) islanding and fault response, such as Direct Transfer
Trip(DTT), have become cumbersome for utilities to design,
deploy and maintain on a large scale. This paper proposes
alternate techniques that be used by the utility engineer to limit
the amount of DTT being installed while still providing speed,
selectivity and reliability and to islanding and fault events.

Index Terms—DTT, Transfer Trip, Islanding, Risk of Islanding,
DER, Distributed Generation, Ride Through

I. INTRODUCTION

II. ISLANDING OF GRID CONNECTED DER IN
ELECTRICAL UTILITY SYSTEMS - BACKGROUND

Within the utility industry, the large increase of DER
penetration on the distribution system has caused a number of
different problems for the protection engineer, one of which
is islanding. Islanding is defined as the condition in which a
DER continues to power a location even though electrical grid
power is no longer present. An example of a distribution island
is shown in Figure 1. In this example, a line-technician opened
the feeder circuit breaker under load condition which formed
a distribution island. In general, an island cannot form in a
faulted state on the distribution system, and generally occurs
during switching of a steady-state circuit(such as opening the
feeder circuit breaker).

Fig. 1: Distribution Feeder Island

Islanding can be dangerous to utility workers, who may not
realize that a circuit is still energized. Voltage and frequency
control are absent in an island and can result in the damage
of customer or utility equipment. Detecting and clearing an
islanded condition is of the upmost importance for safety of
electrical line workers.

While there are many technical documents available for
resolving islanding concerns at the inverter level(active anti-
islanding such as frequency perturbation), many of these
techniques are proprietary and require time-consuming and
exhaustive time-domain simulation to determine a risk-of-
islanding. It is also worth noting that some anti-islanding

techniques differ from manufacturer-to-manufacturer and can
negatively interfere when grouped together on the same circuit,
thereby reducing its effectiveness. This paper proposes simple
and effective techniques that can be used to identity high-risk
circuits, limit the risk-of-islanding and provide faster tripping
response time.

Typically, a distribution recloser with protective relay is
placed at the point of interconnection to isolate the DER from
the utility in the event of a fault or island. A simple and
effective means to detect and island is to deploy a simple
passive over/under voltage(27/59) and over/under(81O/U) fre-
quency scheme. More advanced techniques can be used, such
as Vector-Shift(78VS) or Rate-of-Change-of-Frequency(81R)
to detect islands.

A. Inverter Responses to Islanded Conditions: Protection Fun-
damentals

Before setting any protective elements, it is important to
understand how a grid connected inverter responds to an
island. Shown in Figure 2, the distribution circuit has been
reduced to an RLC equivalent. The DER source power flow
injected into the distribution system just before the island
forms is represented by the variable P, while the power flow
injected into the system from the utility before the island is
∆P +j∆Q. The ∆P and ∆Q is often referred to as the power
mismatch of the circuit.

Fig. 2: Electrical Circuit of Distribution Island

At the date of the writing of this paper, most U.S. utilities
require that DER maintain unity power factor. In this case,
for a island to form, there must be a match between the real
and reactive power at the point of switching. As in the case
of Figure 2, the ∆P and ∆Q mismatches will need to be
sufficiently small for a protective relay not to be able to detect
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the island. If the mismatch values that are sufficiently small
such that the POI relay cannot detect is called a NDZ(non-
detection zone).

A protective relay equipped 27/59/81 cannot detect an island
if the power mismatches are within the following ranges:
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∆P = Pload − P (3)

∆Q = Qload −Q = QL −QC −Q (4)

The equations in 2 and 1 represent the boundary conditions
of the NDZ. If a load-flow value at the FCB is within
this region, the relay element will not detect it. Since these
elements are the boundary conditions, these equations can be
represented graphically.

Fig. 3: Non-Detection Zone of a Distribution Island

As indicated in 2 and 1, the frequency of the island will drift
off-nominal if there is a VAR mismatch at the FCB(Feeder
Circuit Breaker) at the time of the island. If the real power
is mismatched, the voltage with drift off nominal. This is an
important distinction, because this is the opposite of a rotating
machine. Both real and reactive power must be matched in
order to form a island that the relay cannot detect.

The quantities fmax and fmin represent the 81O/U protec-
tion set-points to detect a VAR mismatch at the circuit breaker.
The Vmax and Vmin are the phase under-voltage 27/59 settings
to detect Watt mismatch at the circuit breaker. One important
variable to note is Qf or the quality factor of the load. This
quantity for a RLC circuit is a measure of its dampening.
For the protection engineer concerned with islanding, this

can be viewed as a ”stiffness factor” to a frequency based
anti-islanding algorithm or detection method. High Q-Factor
circuits have large NDZs and the risk of islanding increases.
A high Q-factor circuit will be a stiffer and result in less
frequency drift during islanding, making the island more
difficult to detect.

Currently IEEE-1547 recommends and tests inverters at a
Qf = 1. Studies by the author have show that a typical feeder
is usually between 0.5-0.7 and can transiently increase to 1.5-
2.0. Heavy motor load circuits typically have a higher quality
factor, where-as mixed residential circuit studies have shown
consistently that Qf is usually less than 1. It is worth noting
that the quality factor can be estimated using field measure-
ments. A capacitor bank switching log and feeder breaker
measurements can help the protection engineer estimate the
quality factor of the circuit. It must be noted that this is only a
estimate. Customer loads buses may contain capacitor banks to
help with power-factor correction, which appears to the utility
to be a simplistic unity power-factor load.

In terms of a parallel RLC load, the quality factor Qf is:

Qf =

√
QL ·QC

PL
(5)

The terms QL, QC and Pload are the reactive power ab-
sorption by the inductance, the reactive power supplied by the
capacitance and the real power of the RLC load, respectively.
As can be seen by 5, the risk-of-islanding increases with
circuits that contain a large amount of in-service capacitor
banks. Conversely, if the feeder does not contain a capacitor
bank, the risk of islanding substantially decreases due to the
lack of a reactive power source on the feeder. However, for
some utilities this may not be practical, as a capacitor bank
may be place on the feeder in the future and require re-study.

B. Risk-of-Islanding Assessment:
Using the provided equations in 1 - 5, a simple spreadsheet

method can be used to determine a risk-of-islanding.
For example, using the IEEE-1547-2003 standard settings:

Parameter Value
fmin 57.0 Hz
fmax 60.8 Hz
fnom 60 Hz
Vmin 0.88 pu
Vmax 1.1 pu

Vnom 1.0 pu
Qf 1.0

TABLE I: POI Relay Settings

The boundary conditions of ∆P
P and ∆Q

P are as follows:

−.108 ≤ ∆Q

P
≤ .026 (6)

−.174 ≤ ∆P

P
≤ 0.291 (7)

Using the boundary conditions, a specified mismatch point
can be plotted to see if it resides in the NDZ. A point
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within the boundary conditions of the NDZ will result in a
failure to detect the island if the feeder breaker were opened.
If needed, the protection engineer may want to modify the
OF/UF settings to reduce the risk-of-islanding. Often, using
the spreadsheet method is a ”iterative technique” to evaluate
various conditions and settings, such as varying output of a
solar PV.

III. NOVEL 3V0 SCHEME: ZERO-SEQUENCE
OVERVOLTAGE ANTI-ISLANDING SCHEME

For the utility engineer, designing a deterministic anti-
islanding scheme can be difficult and very costly. The focus
of the utility engineer and/or the consultant is often the load
mismatch at the FCB. Although this information is important,
one critical piece of information that is often overlooked is
load imbalance. Although the circuit loading may be roughly
balanced at the circuit breaker, indicating the risk-of-islanding
is high, analyzing the imbalance at this measurement point can
provide very important information.

Calculation of the Q-factor of a distribution feeder can
be cumbersome and time-consuming. Power factor correction
on customer owned sites can adversely impact this calcula-
tions(such as capacitor banks). Even in the event that all of
this data is know, the quality factor of a feeder is a constantly
changing and presents a ”moving target” for the protection
engineer. Another method anti-islanding method is needed
that can detect islands easily, but does not have a stiffness
dependency such as Q-factor.

Fig. 4: Quality Factor of a Feeder over 24-hour Period

Shown in Figure 4 is the estimated Q-factor of the Rock
Hill 23kV Circuit in Asheville, NC. Capacitor bank switching
logs and FCB power quality meter measurements were used to
calculate this plot. The measurements were taken in 60 second
samples.

A. 3V0 Anti-Islanding: Sequence Components Basics

Shown in Figure 2 is the simplified circuit of an electrical
island of a distribution feeder. If this simplified figure is
represented in sequence component domain, this is represented
by Figure 5.

Fig. 5: Sequence Networks of Distribution Island

The DER site is represented as either a constant current
source, or as a constant power source(shown as a current
source generically). Although ideal IBRs can be represented
as pure positive sequence source, field data shows that they
do allow small negative sequence currents to flow. This is
represented as a high impedance or Z(2)

Source The system load
in the sequence domain is show as Z

(x)
load.

In the diagram there are some assumptions that are made
about the GSU step-up transformer connected to the utility
system behind the POI Recloser. The transformer connec-
tion would be required to anything other than a ∆ − Yg

transformer(∆ on the IBR-LV side and Yg on the utility side).
This design would insert a zero-sequence shunt impedance
between POI Recloser and ground reference, allowing the zero
sequence path other than the load on the circuit. If a alternate
configuration is used, such as Yfloating − Yg , this blocks the
flow of zero sequence current.

Looking at the zero-sequence circuit in detail, it becomes
immediately obvious that the only means of zero-sequence
current flow of the distribution circuit during islanding comes
from the feeder load. During an island, zero-sequence current
is prohibited to circulate due the lack of a path from the DER
source. A direct result of the inability of zero-sequence current
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to flow, is the resultant build-up of zero-sequence voltage. It
is worth noting that the island is not faulted, this distinction
must be made clear.

A imbalanced load would normally result in a zero-sequence
current flow at the substation, until the FCB opened, and the
island occurs. Subsequently, the feeder would begin to buildup
a large zero-sequence voltage after the FCB is opened, which
could be detected by the POI recloser as a islanding condition.

B. 3V0 Voltage During Islands: Deterministic Equations
To deploy a 3V0 anti-islanding scheme, the load imbalance

must be know or estimated. If these quantities are known,
the engineer can calculate the resultant 3V0 seen by the POI
recloser if the FCB is opened and an island occurs.

First, the sequence voltage matrix observed by the POI
represented as:

Vs =

V (0)

V (1)

V (2)


The sequence currents injected by the IBR observed by the

POI:

Is =

I(0)

I(1)

I(2)


The sequence impedance of the feeder load:

Zabc =

Zaa Zab Zac

Zba Zbb Zbc

Zca Zcb Zcc


For an ideal converter, we will assume that the IBR only

sources positive sequence current, I(1):

Is =

 0
I(1)

0


At this point we must make a few assumptions about the

load connected to the feeder. The load must be of majority
Wye grounded type. The mutual impedance can be viewed as
a short circuited at a central neutral point such that: Zab =
Zac = Zba = Zbc = Zca = Zcb = 0

To simplify the equations, the per-phase system load(Zaa,
Zbb, Zcc) is assumed to be approximately unity PF. For unity-
PF controlled inverters, the system load appears to be a
resonant RLC circuit. Before the island occurs, if the system
load is VAR deficient(VARs are being imported by the feeder)
or VAR excess(VARs are being exported by the feeder), the
IBR will attempt to perturb the frequency to maintain unity
PF. Therefore, we can approximate the load after islanding,
as purely resistive. Even in the event that system load off-
unity power-factor, the inverter will perturb the frequency such
that the load appears to be approximately resistive. In the
event that the protection engineer does not desire to make
this approximation, matrix evaluation using Equation 8.

The sequence component voltages observed by the POI
recloser:

[Vs] =
(
[A−1] · [Zabc] · [A]

)
· [Is] (8)

Approximating the load as resistive after the island forms:

3V (0) ≈ |I(1)|
√

Z2
aa − Zaa(Zbb + Zcc) + Z2

bb − ZbbZcc + Z2
cc

(9)

3V (2) ≈ |I(1)|
√

Z2
aa − Zaa(Zbb + Zcc) + Z2

bb − ZbbZcc + Z2
cc

(10)

V (1) ≈ |·I(1)|Zaa + Zbb + Zcc

3
(11)

For a constant current source IBR, I(1) can be directly
plugged in at the output level of the PV plant. For a constant
power controlled IBR:

I(1) =

√
P (1)

Zaa + Zbb + Zcc
(12)

In Equation 12, the term I(1) represents the positive se-
quence current injection into the island and the term P (1),
is the real-power injection into the island. At full output,
P (1) = P

(1)
rated.

C. 3V0 Relay Security: Load v. Islands and Logic

It is worth noting, that for a resistive island, the zero and
negative sequence voltage are equivalent for an island with
a purely resistive load . This is very important for security
purposes, and allows the relay to discriminate between an
island and normal load conditions. For utilities that mostly
use wye-grounded loads, the load imbalance will produce a
larger zero-sequence voltage and a lower negative sequence
voltage during normal load conditions. For near unity power
factor circuits, when the circuit islands, the negative and zero-
sequence voltage will become approximately equal. Using the
negative sequence voltage as a permissive to increase security
effectively prevents tripping of the 3V0 element for load
conditions where the existing circuit is imbalanced. Equation
12 can be used to determine 3V2 security set-point if needed.

The anti-islanding logic for a 3V0 scheme can be broken
into four basic parts. This is shown in Figure 6. The Level-1
3V0 element is the anti-islanding detection for the circuit. A
typical setting for this is usually 0.04-pu or higher depending
on the feeder analysis. Since it is undesirable to let the 3V0-
L1 operate for Transmission or Distribution faults(incorrect
targeting), a 3V0 Level-2 is used to detect ground faults
quickly. Alternatively, a Level-1 under voltage can be used
and is shown in the Figure. Keep in mind that the 3V0
is not intended to replace the undervoltage elements for
anti-islanding detection, rather supplement. The region above
the undervoltage level 1(0.7-0.88pu) is where the 3V0 anti-
islanding scheme is intended to operate.

One of the more important parts of this diagram is the 3V2
Negative Sequence Blocking. As previously discussed, this
is used to differentiate between unbalanced load and islands.
Testing using a RTDS has shown that setting the 3V0 = 3V2
is an acceptable security measure for most feeders.
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The 3V0 delay should not be set fast. A setting of 100-
115 cycles was found to be acceptable for a balance between
security and speed. If the 3V0 Delay is set too fast, it is
likely to operate for faults before the overcurrent protection
on reclosers/circuit breakers time-out occurs.

Fig. 6: 3V0 Anti-Islanding Logic Diagram

IV. CASE STUDY: ASHEVILLE ROCK HILL 23KV BESS

To illustrate the use of the novel 3V0 scheme, it was used
for a case study is documented in this paper. At the time of
the writing of this paper, a battery energy storage system was
being installed on the Asheville Rock Hill 23kV circuit with
an approximate size of around 8MW. The site was required
by Duke Energy system operators to be fully operational at
any time-of-day at full rated output(this is different than a
standard PV farm which can only island at daylight hours).
The BESS(Battery Energy Storage System) was required to
operate at unity power-factor as a constant power, current-
limited inverter.

A. Risk Assessment: Rock Hill 23kV Circuit Islanding Case-
Study

The Rock Hill 23kV feeder contains one 1.2-MVAR ca-
pacitor bank and 1-year worth of loading data was sampled.
Approximately 525,000 loading data points of Real/Reactive
Power, Current, Voltage Magnitude and Power-Factor for 1-
year in 60 second intervals were available.

The assumption was made that the BESS site could be active
at anytime, unlike a PV plant(this can increase the risk of
islanding). In the event that the engineer is performing a PV
plant analysis rather than a BESS, a irradiance vs. time-of-
day curve will be needed. If the BESS plant is dispatched to
a set-point of power output, risk analysis can be iteratively
performed also using this method to quantify total risk.

It was assumed that the feeder circuit breaker was opened on
every sample and the BESS was at full rated output at the time
of the islanding event. A capacitor bank switching log was
used to determine reactive power compensation and Equation
5 was used to calculate the quality factor of the circuit over
one year in one-minute samples. The maximum, minimum and
average Q-Factor are shown below in Table II.

Q-Factor Avg. Q-Factor Max. Q-Factor Min.
0.64 1.2 0.36

TABLE II: Qf of Rock Hill 23kV over 1-year

The POI Recloser settings used to perform the analysis are
shown in Table I. These settings were used in Equations 1 -
4 to determine if the system load was withing the NDZ.

A constant impedance load was assumed and calculated
in one minute intervals using the phase-to-ground voltage
measurements and line current measurements at the substation:

Zxx =
VLN

IL
(13)

Using the constant impedance model, Zaa, Zbb and Zcc can
be used to estimate the 3V0 if the FCB is opened and an
island forms. Using the Equations 9 and 10, the 3V0 can be
estimated in 60 second intervals. This is shown in Table III.

3V0 Avg. 3V0 Min. 3V0 Max.
1075 V 5 V 4427 V

TABLE III: 3V0 during Islanding of Rock Hill 23kV over
1-year

The results for the Rock Hill Circuit are shown below in
Table IV. This assessment is strictly using the POI settings
shown in Table I. 3V0 protection was not used.

NDZ Samples Hr/Yr in NDZ Probability
37 0.61 7.03 ·10−5

TABLE IV: Probability of Islanding using Relay Settings
in Table I without 3V0

The relay protection engineer may look at the results of
Table IV and conclude that the result is not deterministic, and
specify a Transfer Trip Scheme due to the risk. The novel
3V0 scheme would make the solution fully deterministic and
Direct Transfer Trip would not be required.

The settings used are exactly the same as Table I, but with
the addition of a 3V0 setting. A 3V0 setting of 350V was used
and it was determined that the solution was fully deterministic,
with no islands being non-detectable by the POI relay.

NDZ Samples Hr/Yr in NDZ Probability
0 0 0

TABLE V: Probability of Islanding using Relay Settings in
Table I with 3V0
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