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Abstract—As the penetration of distributed generation
continues to increase, questions about the adequacy of anti-
islanding schemes remain. Failure to detect the formation of an
island raises the concern of out-of-phase reclosing. Such an event
can potentially cause damage to utility equipment and nearby
customer equipment, as well as the distributed generator itself.
This paper assesses the probability of an out-of-phase reclosing
event and identifies and quantifies the stress to the various
elements that make up the distribution network. The analysis is
compared with relevant standards and guidelines. As a result, the
reader will gain better insight into the requirements for anti-
islanding.

I. INTRODUCTION

This paper examines the potential for damage to electrical
equipment as a result of a reclosing operation in a distribution
network that includes distributed generation (DG). The need
to address future energy requirements through more
environmentally friendly technologies has led to an increase
and even an acceleration of the penetration of DG. As DG
penetration grows, the need to understand this contingency
becomes increasingly relevant.

This paper identifies the events leading up to a DG
reclosing event. It considers the various types of equipment
found in the network and analyzes the potential for damage for
each type of equipment. The analysis is compared with
relevant standards and guidelines. This paper also identifies
methods to mitigate the possibility of a reclosing event.

II. DG ISLANDING

In the past, a distribution network consisted of radial
feeders emanating from a substation. Passive loads were
connected along the length of the feeder. In addition, there
could be a midline recloser on the feeder. A feeder had a
single source—the substation. De-energizing the feeder
entailed opening the feeder breaker. The addition of a
generator into the network changed the situation. Consider the
network shown in Fig. 1, which depicts a distribution feeder
with a recloser. An aggregate load and a generator are located
downstream of the feeder. If the recloser opens, then the
generator may continue to supply power to the load. This is
known as an island.

In general, islanding is not permitted for a number of
reasons. First, islanding represents a possible safety hazard for
operations personnel. A worker may conclude that the circuit
downstream from the open switch is de-energized and
therefore safe to work on. Studies into this risk concluded that
it can be adequately addressed by following standard approved

work practices. A second issue is power quality. The utility is
responsible for maintaining a high level of power quality to its
customers. During an islanding event, the quality of power
supplied to customers within the island is not controlled by the
utility. Third, restoring the connection to the grid introduces
the possibility of equipment damage. This third issue is the
focus of this paper.
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Fig. 1. Feeder with a distributed generator

III. RECLOSING SCENARIOS

A. Reclosing After a Fault

Transient faults can account for 80 to 90 percent of the
faults in a distribution network. The protection applied at the
substation breaker and at the recloser typically includes a
feature known as autoreclose. The autoreclose function
improves the supply availability to customers on the feeder by
automatically closing the breaker after it has tripped because
of a fault. The IEEE 1547 Standard for Interconnecting
Distributed Resources With FElectric Power Systems
recommends disconnecting or tripping the DG within
2 seconds following the islanding condition. However, utilities
often prefer autoreclose times in the order of 0.5 seconds. It is
important to note that autoreclose is initiated by protection
functions and not a manual operation of the substation breaker
or recloser. Therefore, an autoreclose operation occurs only
after there has been a fault on the feeder. IEEE 1547
Section 4.2.1 states, “The DR [distributed resource] unit shall
cease to energize the Area EPS [electric power system] for
faults on the Area EPS circuit to which it is connected” [1].
This means that the DG is also required to disconnect for the
feeder fault. The interconnect protection located at the DG is
responsible for detecting feeder faults. Setting the interconnect
protection requires a fault study. The requirement to detect
feeder faults may confer some restrictions on the DG design.
However, it is reasonable to conclude that in a properly
designed system, reclosing onto a connected DG after a fault
is possible only in an instance where the DG interconnect
protection is unavailable or the DG breaker fails to operate.



B. Manual Operation or Control Problem

A reclosing event could also occur if the feeder breaker or
a recloser were inadvertently opened without first
disconnecting the downstream DG. Following the formation
of the island, the breaker is reclosed. It is conceivable that a
fault in the control circuitry of the feeder breaker or recloser
could produce the same result. IEEE 1547 Section 4.4.1 states,
“For an unintentional island in which the DR energizes a
portion of the Area EPS through the PCC [point of common
coupling], the DR interconnection system shall detect the
island and cease to energize the Area EPS within two seconds
of the formation of an island” [1].

One way to comply with this clause is to ensure that the
DG cannot supply enough power to the load within the island.
Most utilities employ a two-to-one rule—meaning that the
minimum islanded load must be twice as large as the DG
rating [2]. As a result, it is impossible to match load and
generation within the island, and the island is not sustainable.

For a higher-penetration DG application, it may be difficult
or impossible to ensure a significant mismatch between load
and generation within the island. Anti-islanding schemes are
applied to ensure that DG does not remain connected. Several
schemes can be employed, such as the following:

o Passive anti-islanding schemes detect an islanding
event by measuring power system signals, such as
voltage or frequency, at the DG. Passive schemes have
been shown to have a nondetection zone [3]. In other
words, if the real and reactive power flow through the
islanding breaker was zero at the instant prior to
opening, then passive schemes are not guaranteed to
operate. However, studies have shown that passive
schemes can operate for a power mismatch in the
range of a few percent of the DG kV A rating [4].

e Active anti-islanding schemes are generally applicable
only to inverter-based DG. Typically, these schemes
introduce an intentional positive feedback in order to
destabilize the inverter controls. Consequently, the
inverter cannot regulate voltage or frequency at
nominal values when disconnected from the grid.
These schemes are arguably more effective than
passive schemes in that their nondetection zones are
smaller or zero.

o Transfer tripping entails sending a trip signal to the
DG when the upstream breaker opens. Because the
DG is remotely located, a communications system is
required. In addition, every upstream interrupter that
can island the DG must send a transfer trip signal.
These schemes are further complicated if tie switches
can transfer the DG from one feeder to another.

In summary, reclosing due to manual operation and/or
faulty control is possible only on systems where sustained
islanding is possible and only if the anti-islanding scheme has
failed.

IV. RECLOSING INRUSH CURRENT

Once the breaker has opened, the DG supplies the local
load on the feeder. The DG controls should be configured
such that they cannot actively regulate voltage or frequency.
As a result, any small mismatch in the load and generation
(either real or reactive power) causes the voltage magnitude
and/or angle to deviate from the grid voltage. Subsequently, a
significant voltage develops across the open breaker. The
voltage across the breaker is given by (1).

Vikr = \/|VEPS|2 +|VDG|2 =2

where:

Vers| *|Vba 'COS(B) (D

d is the angle between the grid voltage and the DG
voltage.

Fig. 2 shows a plot of breaker voltage versus angle.
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Fig. 2. Breaker voltage versus angle (Vpg, Verip = 1 per unit [pu])

Note that if the voltage magnitudes are held constant at
1 pu, when the angle reaches 60 degrees, the breaker voltage
is 1 pu, and at 180 degrees, the breaker voltage is 2 pu. When
the device closes again, this voltage drives an inrush current,
which flows between the grid and the DG.

We can make an estimation about a likely angle for an out-
of-phase autoreclose event. We assume that islanding occurs
because of a fault, that DG protection fails to detect the fault,
and that the power mismatch results in a frequency just less
than the pickup of the underfrequency element. IEEE 1547
specifies tripping at 59.3 Hz within 0.16 seconds for
generators less than 30 kW. If we assume an autoreclose time
of 0.5 seconds, then the angular difference at reclosing is:

(60—59.3) Hz+360°+0.5 seconds = 40.3° 2)



A worst-case approach assumes that the angle is
180 degrees. Referring to Fig. 1, the worst-case inrush current
(Vpg = Veps = 1 pu and & = 180°) can be calculated using (3)
[5]16].
2+ Vipg

3

1 =
INRUSH ;
Zgps + Zegeper + Xparx + Xdng

where:
Zgps 1s the impedance of the area electric power system.
Zrgeper 1S the impedance of the feeder supplying the DG.
Xbarx 18 the reactance of the DG interconnection
transformer.
X;DG is the subtransient reactance of the DG.

V. DAMAGE POTENTIAL

In general, electrical equipment may be subjected to
damage in a number of ways. For instance, insulation is
damaged when equipment is operated above its design
temperature. This situation is often a result of increased I’R
losses during an overload. Also, in generators, motors, and
transformers, an overvoltage condition causes core saturation.
The resulting eddy currents lead to damage. The damage
potentials for the various components within the distribution
network are described in the following sections.

A. Power Transformers

The inrush current is equivalent to a through fault for
transformers located between the grid source and the DG,
including the substation transformer and the DG step-up
transformer. The inrush current produces magnetic forces that
cause displacement of conductors, insulation compression,
and insulation wear. The effects are cumulative over the life of
the transformer.

ANSI/IEEE (C57.12.00-1987 specifies the maximum
symmetrical short-circuit withstand current [7]. The short-
circuit withstand for three-phase transformers less than
500kVA is given in TableI. For Category II (501 to
1,667 kVA), the short-circuit withstand current is calculated
using (4) and neglecting the equivalent system impedance
behind the transformer, Xgys. The short-circuit withstand is
calculated for larger transformers (Categories III and IV)
using (4) and considering both the transformer and system
impedances.

IraTED
Xrx + Xsys

“

Lyirustann =

Table 13 of the standard provides guidance on system
impedance in the event that these data are unavailable.

TABLE [
CATEGORY I SHORT-CIRCUIT WITHSTAND CAPABILITY [7]
Single-Phase Three-Phase Wlthstand Capability
in pu of Base Current
kVA kVA .
(Symmetrical)
5to25 15t0 75 40
37.5t0 110 112.5 to 300 35
167 to 500 500 25

B. Circuit Breakers and Reclosers

One of the primary ratings of a circuit breaker or recloser is
its interrupting rating. This value is expressed in amperes
(symmetrical) at maximum rated voltage. For example, single-
phase reclosers can have an interrupting rating that ranges
from 1,250 A (for a 50 A recloser) to 12,500 A (for an 800 A
recloser). Interrupters that are located between the grid source
and DG are exposed to the inrush current defined by (3), and
this current produces mechanical forces within the interrupter.
In addition, the circuit breaker or recloser that forms the open
point between the grid and the island is subjected to up to 2 pu
voltage across the open contacts, as illustrated in Fig. 2. This
situation is equivalent to that of the synchronizing breaker in a
power plant. Breaker flashovers are known to occur when
synchronizing a generator, and as a result, such breakers are
often equipped with a modified breaker failure scheme [8].
IEEE C37.04-1999 specifies an out-of-phase switching current
capability for circuit breakers [9]. It should be noted that it is
not considered necessary to include this specification for all
applications. It applies only to circuit breakers that will be
used to connect two parts of the system during an out-of-phase
condition, for instance, the synchronizing breaker at a
generating station. If specified, the preferred rating is
25 percent of rated (symmetrical) short-circuit rating of the
breaker [9]. Evidently, there are no similar ratings for
reclosers.

C. Distributed Generators

IEEE C50.12 and C50.13 list the requirements for large
synchronous generators. NEMA MG1 covers smaller
generators. These documents caution against poor
synchronizing because of the resulting high values of current
and torque. A maximum breaker closing angle of +10 degrees
is specified. The high transient torque can cause a coupling
failure. It can also cause the coil/bar insulation to crack [10].

The standards require that a generator be designed to
withstand a three-phase short circuit at its terminals while
operating at rated load and 1.05 pu rated voltage.



This value of a three-phase short-circuit current is given
by:

e =—+ (5)

However, it has been shown in [11] that the transient
torque can exceed that of a three-phase fault by a factor 2 to
3 times during an out-of-phase synchronization event. This
torque imposes mechanical stresses both on the generator and
the prime mover. Maximum torque is produced at an angle of
120 degrees rather than the value of 180 degrees that produces
maximum inrush current [12].

Consequently, in this paper, we use peak torque rather than
inrush current as a measure of damage potential on generators
and motors. A computer simulation is used to determine peak
values of torque.

D. Loads

Passive loads, such as heating or lighting, connected within
the island are unaffected by the inrush current due to out-of-
phase reclosing. However, the case of a motor is quite
different. During islanding, a motor remains in synchronism
with the connected DG. If, at the instant of reclosing, there is
an angular shift between the DG and the system, then the
motor is subjected to its own torque transient in much the
same way that the DG is affected. ANSI C50.41 deals with
induction motors within generating plants and defines a
limitation for out-of-phase reclosing expressed as a volts-per-
hertz value across the open breaker. However, no similar
limits are defined for motors outside of generating plants.
NEMA MGI does, however, list values for breakdown torque
for small induction motors (see Table II).

TABLE I
BREAKDOWN TORQUE FOR SMALL INDUCTION MOTORS [13]
Breakdown Torque (1b-ft)
Horsepower

3,450 rpm 1,725 rpm

1.5 3.6-4.6 6.8-10.1

2 4.6-6.0 10.1-13.0

3 6.0-8.6 13.0-19.0

5 8.6-13.5 19.0-30.0

7.5 13.5-20.0 30.0-45.0

10 20.0-27.0 45.0-60.0

Although there are no strict requirements, some

manufacturers do design motors to withstand the torque
produced by a fault at the terminals.

An accurate calculation of the torque transient in an
induction motor requires that motor speed and trapped flux be
taken into account. The estimation of motor transient torque in
the examples that follow is determined through computer
simulation.

VI. DG RECLOSING ANALYSIS

A. Low-Penetration DG Example

The first example is a 50 kVA generator connected to a
7-mile, 13.1 kV feeder circuit. The parameters of the system
are summarized in Table III.

TABLE III
LOW-PENETRATION DG EXAMPLE

Voltage = 13.1 kV

kVA =10,000 kVA

EPS Transformer
Leakage reactance = 10%

Peak load = 6,000 kKVA

Z1=0.78 +0.71j Q/mile

Feeder Z0 =1.49 +2.28j Q/mile

Length = 7 miles

Voltage = 13,100/460 V

DG Transformer kVA =75kVA

Leakage reactance = 7%

Voltage =460 V

kVA =52 kVA

X4, Xd', X7 =2.6,0.19,0.13 pu

Xg Xy, Xg” = 1.2,0.12, 0.09 pu

Generator
Ts, Tq?, Tq” = 0.025, 0.006, 0.006 seconds

H=0.13 seconds

F=0.02 pu
rpm = 1,800
The penetration factor is:
_S2kVA 0.009 (6)
6,000 kVA

Factors below 0.30 are considered low penetration. The
rated current of the EPS transformer is:

10,000kVA _

[ =2 T 440 A (7)
EPS RATED \/5.1311(\/
Using (4):
440 A
IEPS WITHSTAND — — ~ 1 — 4,400 A (3)
The network impedances are:
Z (13'1kv)2 10% = jl.716 Q )
ST oMYA
= (13'1kv)2 7% = j160 Q (10)
DAY T 075 MvA )
(13.1kV)’ ,
Zpp =———— 2 —013%=j429 Q (11)

©0.052 MVA
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Fig. 3. Low-penetration model
The inrush current associated with an out-of-phase reclose 10
is: 5 5 |
=2 | A
2¢131kV T ol /\rWmewa XmA‘ Q000000
Iinrush = = - ; . g ) W P LMY '
176 Q+(5.5+j5) Q+jl160 Q-+ j429 O (12) 3 =s i
Inrus =44 A =10
Clearly, this value is far below the maximum withstand g ; -
current of the transformer of 4,400 A. This value will also 2 5 f\
likely be below the interrupt rating of any recloser on the E g |
feeder. g 2 \
The rated current of the DG transformer is: ‘% [1) \ y
I __T5kVA  _ A (13) “ 04 o045 05 055 05 065 07 075 08
DGTX RATED —\/5. Bl Time
From Table I, the withstand current is: Fig. 4. Low-penetration three-phase fault
I =40+33A=132A (14) 15
DO WITHSTAND = _ S R T T Ve
Note that the inrush current is also less than the withstand 3 o 111} 11} L s
current of the DG step-up transformer. o ol RO IR
MATLAB® and Simulink® were used to model the system & —os}//!/|!/|I!!] M/‘ lH\M‘i‘\H‘ LT
in order to determine the torque seen by the generator. The Z wwvl lU M | M‘[‘U }\ \UI U \UH wvw\ wal
model allows a fault to be applied at the terminals of the 15 ‘ ‘
machine. It also allows the feeder breaker to be opened and 3 15
reclosed. The user can choose the reclosing angles. Fig. 3 S 10 |
shows the Simulink model. S s (\
The plot in Fig.4 is a 5-cycle, three-phase fault at the 3 | \ ]
terminals of the generator. g 5 L
Fig. 5 shows the electrical torque for a reclose at " o2 0.3 04 05 0.6 0.7 0.8
120 degrees. Note that it is more than twice the value of the Time
three-phase fault. Fig. 5. Low-penetration reclose at 120 degrees

We can conclude that only the generator is at risk in this
example.



B. High-Penetration DG Example

The second example is a 50 kVA generator connected to a
7-mile, 13.1 kV feeder circuit. The parameters of the system
are summarized in Table IV.

TABLE IV
HIGH-PENETRATION DG EXAMPLE

Voltage = 13.1 kV

kVA =10,000 kVA

EPS Transformer
Leakage reactance = 10%

Peak load = 6,000 kKVA

Z1=0.78 + 0.71j Q/mile

Feeder Z0 =1.49 +2.28j Q/mile

Length = 3.6 miles

Voltage = 13,100/460 V

DG Transformer kVA =3,000 kVA

Leakage reactance = 7%

Voltage = 460 V

kVA =2,500 kVA

X4, Xd’, Xd”=2.4,0.20,0.15 pu

Xg Xy, X" = 1.77, 0.26, 0.05 pu

Generator
Ts, Tq?, Ty =0.33, 0.03, 0.03 seconds

H =0.347 seconds

F =0.009 pu
rpm = 1,800
The penetration factor is:
2,500kVA =0.417 (15)
6,000 kVA
This is, therefore, a high-penetration application.
The network impedances are:
= (13'1 kV)z 7% = j4 Q (16)
DX T3 000 kvA
(13.1kV)’ ,
———15%=j10.3 Q a7

EPS 72,500 kVA
The inrush current associated with an out-of-phase reclose
is:
- 2-.13,100 V. .
176 Q+(2.8+12.5) Q+j4 Q+jl03 Q
Ivrusy =L395 A

(18)

6

This value is still below the maximum withstand current of
the transformer (4,400 A). It may, however, exceed the
interrupt rating of a recloser on the feeder.

The rated current of the DG transformer is:

3,000 kVA

IpGrx rateD :m:132-2 A (19)
The withstand current is:
1322 A
Ipgrx witnstanp = 007 =1,889 A (20

Note that the inrush current is less than the withstand
current of the DG step-up transformer.

The model of Fig.3 was updated with the data from
Table IV to produce the plots of Fig. 6 and Fig. 7.
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Fig. 6. High-penetration three-phase fault
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Fig. 7. High-penetration reclose at 120 degrees

In this example, the torques generated from the three-phase
fault and the reclosing event are approximately the same.
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C. Impact o a Motor R T
In order to investigate the impact to motor loads, the model 3 o5/ /[l /] W 0 0
in the low-penetration DG example was modified, as shown in g OHHHHM VLT
e
. . _ R
given in Table V. ks AARIALLARAR AR RARAARRARNAN,
TABLE V
ADDITIONAL DATA FOR THE LOW-PENETRATION EXAMPLE g 3 7\
Voltage = 575 V :‘é _§ \ /
Horsepower = 10 hp g :g ll‘ /
Stator resistance = 0.0207 pu % :ig 1\“}’
Stator inductance = 0.04655 pu Lu _1%.2 0.3 04 05 0.6 07 0.8

Induction Motor Rotor resistance = 0.01412 pu

Rotor inductance = 0.04655 pu

Mutual inductance = 1.577 pu

Inertia constant = 0.1191 seconds

Rated speed = 1,760 rpm

Voltage = 13,100/575 V

Motor Transformer kVA =35kVA

Leakage reactance = 6%

The base torque for this motor is:

33,000+10 hp ~ 998 Ib-fit

21
2me1,760 rpm

BASE —

The maximum breakdown torque for the motor (see
Table II) is about twice this value.

Fig. 9 shows the electrical torque for an islanding event.
Note that torque is about 12 times nominal or 6 times the
breakdown torque. Similar results are obtained when inserting
the motor into the model of the high-penetration DG example.

Time

Fig. 9. Motor torque during a reclose with the DG connected

VII. CONCLUSION

The likelihood of out-of-phase reclosing of a distributed
generator is very low, but not impossible. For low-penetration
DG applications, the major risk is likely the generator itself.
For higher-penetration applications, the risk to the DG is
reduced. The inrush current in both the low- and high-
penetration examples was less than the withstand current of
transformers on the feeder. The interrupters that remain closed
during islanding are unlikely to be affected because the inrush
current seen by these breakers is less than the interrupt rating.
However, circuit breakers that are applied in the distribution
system are unlikely to have an out-of-phase rating for closing
operations, and reclosers are not known to have an out-of-
phase rating. Finally, motors that may be connected as loads
on the distribution system are likely to be exposed to high
transient torques in both low- and high-penetration
applications.
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