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Abstract: - This study proposes a new islanding detection method for use of grid-interconnected distributed
generators (DG). The method is based on two indices: the rate of change of frequency (ROCOF) and the rate of
change of voltage (ROCOV). When a DG is grid-interconnected, the ROCOF and ROCOV are lower than the
threshold value. In contrast, as an islanding occurs, the ROCOF or ROCOV become much higher than the
threshold values. Detection systems monitor terminal voltage at the grid-interconnected point to calculate
ROCOF and ROCOV, and issue an operating signa when the value and duration of ROCOF or ROCOV
exceed a given threshold. In this study, experiments are conducted to illustrate the principles of the proposed
technique for both synchronous generators and induction generators. The test results show that the newly
proposed method is reliable, economical, and easy to implement for isanding detection of distributed
generators.

Key-Words: - Islanding detection, Distributed generator, Rate of change of frequency, Rate of change of
voltage

1 Introduction systems, thus, affecting voltage regulation and
protection schemes [7-10].
Rising crude oil prices and worldwide awareness of An essential requirement of a grid-interconnected

environmental issues are leading to the exploitation ~ distributed generation system is islanding detection
of distributed generation systems. A distributed ~ Capability [11]. Islanding occurs when a part of the
generation system is defined as the power generation ~ distribution system is electrically isolated from the
system inside the distribution system. To generate ~ Main source of supply, yet continues to be energized
electricity, distributed generation systems are driven by the DG. The islanding operation of a DG may
by prime movers such as wind turbines, water ~ Cause potentiad hazards to line-maintenance
turbines, micro-turbines, etc. Due to technological ~ Personnel, and risk damage of the DG by out-of
innovations related to energy conversion in the last ~ Phase reconnection to the grid. The majority of
decade, the competitive generation of electricity is  Utilities require that DG should be disconnected from
now possible with distributed generation units. the grid as soon as islanding occurs. |EEE standard
Many previous studies have explored the sizing, ~ 1547 Stipulates a maximum delay of 2 seconds for
placement, reliability, and expansion planning of  detection of anislanding [12].
distributed generation systems [1-6]. The main Islanding detection methods can be generally
merits of distributed generation systems can be listed ~ Categorized into two groups, passive methods and
as follows: reduction of power loss, voltage profile ~ active methods. Passive methods detect islanding
improvement, power quality improvement, the  oOperation of DGs by monitoring selected power
possibility to exploit combined heat and power  System parameters, such as voltage magnitude,
generation, simple structure, high efficiency, and ~ change rate of frequency, phase displacement, and
minimal environmental impact. Since distributed ~ Power output. The passive methods include the
generation systems are inside distribution system,  change of voltage magnitude relay [13], the rate of

they change the characteristics of the distribution ~ change of frequency relay [14], the vector surge
relay [15], the voltage unbalance and total harmonic
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distortion of current relay [16], the change of output
power relay [17], the ratio of the frequency change to
the output power change relay [18], the rate of
change of voltage and power factors relay [19], as
well as the logical rule-based detection technique
[20]. The principles of these methods were
developed based on the fact that an idlanding causes
variations system parameters.

However, when the amount of the power
mismatch between a DG and a local load is not
significant enough during idanding, the methods
mentioned above may fail to signal the abnormality.
Furthermore, another drawback to passive methodsis
that they cannot effectively differentiate between
islanding and other non-islanding transients, like
voltage flicker or sag.

The four main active islanding detection methods
are the reactive error export detection method, the
positive feedback for power loop method, the voltage
fluctuation correlated method, and the correlation
factor method.

The reactive error export detection method
controls the excitation current of distributed
generation systems so that they generate a known
value of reactive current, which cannot be supported
unless the generator is connected to the grid [21].

The positive feedback for power loop method
results in an unstable frequency or voltage, once the
digtributed generation system is idanded. Eventually,
the unstable frequency or voltage will trip the
frequency or voltage relay to protect islanding [22].
Small-scale distributed generation systems have
simple excitation, sometimes using permanent
magnets. Hence, islanding of small-scale distributed
generation system cannot be detected effectively by
controlling reactive power export, as in the reactive
error export detection method or the positive
feedback for power loop method.

The voltage fluctuation correlated method uses
power transistors to switch high-impedance loads
periodically near the voltage zero crossing point.
This method measures the voltage fluctuation
through the utility-interconnected point, enabling
evaluation of the source impedance of system and
detection of idanding. It provides a very effective
means of detection, with the disadvantage of
introducing a small voltage perturbation at the zero
crossing point [23].

The correlation factor method for DGs is based
on voltage fluctuation injection, which can be
obtained through high-impedance load switching on
the grid periodically [24-25], or regulating the field
current of the distributed synchronous generator
periodically [26]. The correlation factor between the
periodic trigging signal and the perturbed voltage is
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then used as an idanding detection index in the
proposed islanding detection method. When a DG is
grid-interconnected, the correlation factor is lower
than the threshold value. In contrast, as an isanding
occurs, the correlation factor becomes much higher
than the threshold value.

Active methods are more effective and robust
than passive ones, but most existing active schemes
have the disadvantages of high cost and a certain
degree of degradation of power quality.

To overcome the disadvantages of the existing
islanding detection methods, the aim of this study is
to propose a new integrated passive islanding
detection method for grid-interconnected DGs. As
described below, the proposed method is more
effective and economical than the conventional
islanding detection methods.

This study is organized as follows. The basic
principle of the ROCOF detection method is
described in section 2. The principle of the ROCOV
detection method is described in section 3. The
principles of the proposed integrated detection
system are given subsequently. The experimental
results and the anadysis usng a distributed
synchronous generator and distributed induction
generator are presented in section 5. The test results
demonstrate the effectiveness of the proposed
method to improve the detection accuracy. The
conclusions of this study are given in the last section.

2 Basic Principle of the ROCOF

Detection Method

The ROCOF detection method is based on the
feature that the rea power imbalance causes
transients in an idanded systems and the system
frequency starts to vary dynamicaly during the
islanding operation. Such system behavior can be
used to detect an idanding condition. Therefore,
measuring the ROCOF would show whether the DG
is operating in parallel with the grid or functioning
independently of the grid.

The equivalent circuit of a DG interconnected to
the grid in normal operation is shown in Fig. 1,
where P, is the local load demand; Py is the active
power generation of the DG; P, is the active power
supplied by the power grid. The active power
balance eguation when the DG is interconnected to
the grid is expressed as:

P, +Py =P Q)

The equivalent circuit of a DG subject to
islanding operation is shown in Fig. 2. After opening
of the tie switch S;, the DG starts running in an
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islanded mode and a power imbalance exists due to
the lost grid power P,. Such active power imbalance
AP is described as follows:

AP=Py—-P_=-R, (2
The swing eguation of the DG during islanding
operation is given by
2H do

—X—ZAPZ Pg _PL
0]

3)

where H is the inertia constant of the DG, w is the
rotor speed of the DG, wy is the synchronous speed
in normal operation. The derivative of o can be
solved from (3) as:

d_a) _ a)oAP (4)
dt 2H

Since w and wqcan be described as w = 2 7 fand wy
=2 & f,, where f is the system frequency in an
islanding operation, fy is the system synchronous
frequency in normal operation. The ROCOF (Af/At)
can be solved from (4) as:

Af df  fpAP

At dt 2H
As shown in (5), when the real power imbalance AP
causes transients in the islanded system, the
frequency of the system drifts up or down, making
the frequency of the system deviate from its nominal
value until frequency relay is triggered. However, if
the power imbalance AP in the islanded system is
small, then the frequency will change slowly. Thus,
ROCOF can be used as a detection index under this
islanding situation [14].

©®)

3 Basic Principle of the ROCOV
Detection Method

The ROCOQOV detection method is based on the
feature that the reactive power imbalance causes
transients in an islanded system and the terminal
voltage starts to vary dynamically during the
islanding operation. As in the principle of the
ROCOF mentioned above, such system behavior can
also be used to detect an islanding condition.
Therefore, measuring the ROCOV would show
whether the DG is operating in paralel with the grid
or functioning independently of the grid.

As shown in Fig. 1, we have the equivalent
circuit of a DG pardle with the grid in normal
operation, where E;= |E)|£0, and Ey = |Ey| L6y are
the open circuit voltages of the utility and the DG;
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Fig.1 Equivalent circuits of a DG parallel with
the grid
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Fig. 2 Equivalent circuits of a DG during islanding
operation

V= V.| L6, isthe terminal voltage of the local 1oad;
Z, is the source impedance of the utility grid; Z, =
RytiXg= L/(|Yy|£6,) is the source impedance of the
DG; Z, isthe loca load impedance; Q. is the loca
reactive load demand;, Qg is the reactive power
generation of the DG; Q, is the reactive power
provided by the power grid. The reactive power
balance equation when the DG is interconnected to
the grid is expressed as:

Qu +Qq =QL (6)

As shown in Fig. 2, after opening the tie switch
S, the DG starts running in an islanded mode and a
reactive power imbalance exists due to the lost grid
reactive power Q,. Such reactive power imbalance
AQ is described asfollows:

AQ=Qg -QL =—Qy
The reactive power generation of DG is given by
Qg =—IEg IVL IYg |sin(6g =64 +5.) (8)
The partia derivative of Qq can be solved from (8) as.

gﬂz—‘EgHYg‘sin(Gg ~8g+5,)

VL

()

(9)
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Since 6, —5; +6. = 65 (9) can be approximately
expressed as:
0Qq .
—= = —E4(Yq|SiN@4) =—|E4|B (20
o= Ea Yolsn(oy) ~—fesleg

where Byis the imaginary part of Y. Eq. (10) can be
solved as:

~-B A (11)
‘Eg‘ [VL|

Because AQy=-AQ, (11) can be written as:

L AQ

If the armature resister of the DG (R) isignored,
By can be approximately expressed as 1/X,, where X,
is the source reactance of the DG. Then, ROCOV
(A|VL|/At) can be solved as:

IIl

AM' Xg  AQ (13)
‘Eg‘ At

As shown in (13), when the reactive power
imbalance AQ causes transients in the islanded
system, the terminal voltage drifts up or down,
making the terminal voltage deviate from its nominal
value until voltage relay is triggered. However, if the
reactive power imbalance AQ in the islanded system
issmall, then the terminal voltage will change slowly,
due to small value of ROCOV. Thus, ROCOV can
be used as an alternative detection index in this kind
of islanding situation.

4 The Proposed Integrated Detection
System

The architecture of the proposed integrated islanding
detection system is illustrated in Fig. 3. A voltage
detecting interface measures the magnitude of
terminal voltage at the grid-interconnected point; and
a zero crossing detecting circuit detects the zero
crossing signal of the terminal voltage. A digital
signal processor (DSP) calculates the ROCOF and
ROCOV of the terminal voltage and decides whether
the trip conditions are met.

Fig. 4 depicts the proposed procedure of the
integrated detection method. It consists of terminal
voltage detection, zero crossing detection, ROCOF
calculation, ROCOV caculation, and decision
process. The procedure is built up in a DSP program
using C language. As shown in Fig. 4, the decision
process of the program has 4 threshold values as the
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Fig. 3 System configuration of the integrated islanding
detector
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Fig. 4 Proposed procedure of the integrated idanding
detection method
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islanding detection indices. For larger rea power
imbalance AP, the index of ROCOF (Threshold 1) is
set as 0.5 Hz/s in this study. Similarly, for larger
reactive power imbalance AQ, the index of ROCOV
(Threshold 2) is set as 4 V/s. Moreover, for the
smaller real and reactive power imbalances occurring
simultaneoudy, the indices of ROCOF and ROCOV
(Threshold 3 and Threshold 4) are set as 0.12 Hz/s
and 2 V/s respectively.

5 Experimental Results

To verify the proposed method, experiments were
conducted to demonstrate its effectiveness as an
islanding detection approach. The experimental tests
were carried out on two kinds of generators.
synchronous generators and induction generators.
The procedures of the tests were to verify that the
DG systems cease to energize the utility grid when
an unintentional island condition is present.

5.1 Idanding test for synchronous generators

A prototypical idanding detector for synchronous
generators was set up in the laboratory. The
distributed synchronous generator employed in the
tests consisted of a grid-interconnected, three-phase,
220V, 300W synchronous generator driven by a DC
motor with 4 types of loads, including light resistive
load, heavy resistive load, inductive and capacitive

ones. The test circuit was configured as shown in Fig.

5. The distributed synchronous generator was started,
synchronized to the utility grid, and then the tie-
switch S, was closed to interconnect the distributed
synchronous generator to the grid. Open switch S;
and record the time between the opening of switch S;
and when the distributed synchronous generator
ceases to energize the load. The test is successful
when the distributed synchronous generator ceases to
energize the test load within the timing requirements
of IEEE Standard 1547 after switch S; is opened.
The experiments that randomly switched the loads
verified the capability of the proposed system to
avoid false alarm. The random load switching tests
were conducted 200 times for each kind of load. The
results depict that no false alarm occurred during the
800 switching tests. As an example of typical test of
random load switching, Fig. 6 shows that the
detection system did not have false alarm due to a
typical load switching. In Fig. 6, Channel 1 denotes
the waveform of grid voltage, Channel 2 indicates
the waveform of local load terminal voltage, Channel
3 depicts the waveform of load current, and Channel
4 shows the tripping signal. The amplification ratio
of the isolated voltage probe for Channel 1 and 2 was
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Fig.5 Theidanding test configuration for synchronous
generators
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Time:40ms/div

Fig. 6 Results of the experiment for synchronous
generator that randomly switched the load
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Fig. 7 Results of the experiment for synchronous
generator using light resistive load
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set to be 200 and the transfer ratio of the current
probe for Channel 3 was set to be 10mV/A.

To further verify the proposed detection system,
the islanding detection tests were conducted for four
kinds of loads at random time points, including (a)
light resistive loads, (b) heavy resistive loads, (c)
inductive loads, (d) capacitive loads. Islanding was
successfully detected by all the tests. An example of

atypical test for light resistive loads is shown in Fig.

7. In the experiments, the resistance of the resistive
load used was 767Q2. The islanding detection signal
was issued in 0.075 seconds (a total of 4.5 cycles
were needed to estimate the differential voltage
magnitudes) after the idlanding operation. In a
typical test for heavy resistive loads, resistance of
the load used was 256Q. Asillustrated in Fig. 8, the
islanding detection signal of islanding was given in
0.075 seconds (atotal of 4.5 cycles needed) after the
islanding operation. In the typical test for inductive
loads, we used a load of 256Q2 resistance, 444mH
inductance, and 17.87uF capacitance. Fig. 9 shows
that the islanding detection signal was given in 0.10
seconds (a total of 6 cycles needed) after the
islanding operation. In the typical test for capacitive
loads, this study used a load of 256Q2 resistance,
296mH inductance, and 17.87uF capacitance. As
shown in Fig. 10, the islanding detection signal was
likewise announced successfully in 0.125 seconds (a
total of 7.5 cycles needed) after the idanding
operation. In Fig. 7 to Fig. 10, Channel 1 denotes
the waveform of grid voltage, Channel 2 indicates
the waveform of local load terminal voltage,
Channel 3 depicts the waveform of load current, and
Channel 4 shows the tripping signal. The
amplification ratio of the isolated voltage probe for
Channel 1 and 2 was set to be 200 and the transfer
ratio of the current probe for Channel 3 was set as
100A/mV.

The effectiveness of the proposed method has
been validated in the experiments for synchronous
generators. The testing results show that the
ROCOF and ROCOV used as the indices of
islanding detection, can detect islanding operation
easily and accurately. The verification results also
reveal that the proposed integrated method detected
the islanding event with a maximum delay time of
0.125 seconds for the four kinds of loads used in
this study. The detection time needed is much less
than the maximal 2 seconds as specified by IEEE
standard 1547.

5.2 Idanding test for induction generators
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Fig. 8 Results of the experiment for synchronous
generator using heavy resistive load
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Fig. 9 Results of the experiment for synchronous
generator using inductive load
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Fig. 10 Results of the experiment for synchronous
generator using capacitive load
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The generation system employed in the idanding
tests for induction generators consisted of a grid- —" 1 1
interconnected, three-phase, 220V, 300W induction S1 S3 S
generator driven by a DC motor with 5 types of loads,
including (a) a 50% rated load at unity power factor, - Distributed
(b) a60% rated load at unity power factor, () a 90% Ué".';y@ RLC —L Induction
rated load at unity power factor, (d) a 100% rated " Load Generator
load at unity power factor, (€) a 120% rated load at
unity power factor. The test circuit was configured as
shown in Fig. 11. The distributed induction generator
was started, synchronized to the utility grid, and then Fig.11 Theislanding test configuration for induction
the tie-switch S, was closed to interconnect the generators

distributed induction generator to the utility grid. We
adjusted the idanding RLC load circuit, as shown in
Fig. 11 to provide a quality factor of 1.0 + 0.05. The
reactive load was balanced so that the resonant
frequency of the island circuit was within the under-
frequency (59.5Hz) and over-frequency (60.5Hz) trip
settings of the distributed induction generator and as
close to nominal frequency (60Hz) as possible. Upon
opening of switch S, time was recorded between the
opening of switch S; and the time when the N N ;
distributed induction generator ceased to energize the AVRVATATATAVAVAVAVAVANE AR LY.
load. The test was successful when the distributed S :
induction generator ceased to energize the test load

within the timing requirements of IEEE Standard 53’23223‘ :33---:-_--_ SUENE DRI | FEFESE S
1547 after switch S, is opened HEZH}:CHS 00mV 40 ms’ I : : : ]
I1EZINCHA S W, A0mS 1y T b by by v by

The experiments that randomly switched the loads .
verified the capability of the proposed system to CH1:400V/div, CH2:400V/div, CH3:1A/div, CH4:5V/div,
avoid fase alarm. The random load switching tests ~ Time:40ms/div
were conducted 200 times for each kind of load. The _ _ )
results depict that no false alarm occurred during of Fig. 12 R_’esults of the experiment _for induction generator
the 1000 switching tests. As an example of atypical in case of random switching of the oad
test for random load switching, Fig. 12 exhibits that
the detection system did not have afase alarm due to
the load switching. In Fig. 12, Channel 1 denotes the B N R RSN A

waveform of grid voltage, Channel 2 indicates the i SiNiEININ
waveform of local load terminal voltage, Channel 3 b ATATATTAIATATS :
depicts the waveform of load current, and Channel 4 S U U

shows the tripping signal. The amplification ratio of AN AR R R
the isolated voltage probe for Channel 1 and 2 was 2>WVMW AR
set to be 200 and the transfer ratio of the current

probe for Channel 3 was set to be 100 mV/A. SRR A A SRR A A R
In atypical test using the type (a) load, as shown HAAAAAAAAARAMAADNAARN -
in Fig. 13, the islanding detection signal was issued PV VTRV RV VYV Y V]
in 0.092 seconds (atotal of 5.5 cycles were needed to S ]
estimate the differential voltage magnitudes) after the AR T
isanding operation started. ol EH P
In the typical test using atype (b) load, as shown DATTICIT AR SIS SN DU P SUU S ]
in Fig. 14, the idanding detection signal was likewise ] . , . , . , .
announced successfully in 0.067 seconds (a total of 4 %Hmle.:zt‘looon\q/slldcjivv, CH2:400V/div, CH3:1A/div, CH4:5V/div,
cycles needed) after the idanding operation started.
In the typical test using atype (c) load, as shown  Fig. 13 Results of the experiment for induction generator
in Fig. 15, the islanding detection signal was likewise using atype (a) load
announced successfully in 0.042 seconds (a total of
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2.5 cycles needed) after the idanding operation
started.

In the typical test using a type (d) load, as shown
in Fig. 16, the islanding detection signal was likewise
announced successfully in 0.083 seconds (atotal of 5
cycles needed) after the idlanding operation started.

In the typical test using a type (e) load, as shown
in Fig. 17, the idanding detection signal was likewise
announced successfully in 0.042 seconds (a total of
2.5 cycles needed) after the idanding operation
started.

In Figs. 13 to 17, Channel 1 denotes the
waveform of grid voltage, Channel 2 indicates the
waveform of local load terminal voltage, Channel 3
depicts the waveform of load current and Channel 4
shows the tripping signal. The amplification ratio of
the isolated voltage probe for Channel 1 and 2 was
set to be 200 and the transfer ratio of the current
probe for Channel 3 was set as 100mV/A.

The effectiveness of the proposed method has
been validated in the experiments for synchronous
generators. The testing results show that the ROCOF
and ROCOV used as the indices of islanding
detection, can detect islanding operation easily and
accurately. The verification results aso revea that
the proposed integrated method detected the
islanding event with a maximum delay time of 0.092

seconds for the three kinds of loads used in this study.

The detection time needed is much less than the
maximal 2 seconds as specified by |IEEE standard
1547.

6 Conclusions

Based on an integrated detection scheme, this study
has proposed a new method to quickly and reliably
detect the idanding operation of a DG system. The
indices of ROCOF and ROCQOV of the terminal
voltage are calculated by a DSP. Observing the
ROCOF and ROCOV of the proposed scheme
through the DSP system, discrimination between
islanding and other non-islanding disturbances can
thus be made accurately.

To verify the effectiveness of the proposed
technique, experiments using different kinds of
typical loads were used in this study. The experiment
results show that the proposed indices of the
islanding detection of ROCOF and ROCOV can
detect the islanding operations satisfactorily for the
different kinds of loads within 0.125 seconds. The
detection performance is verified to be less
dependent on the load quality factor and power level.

The directions of future research of the islanding
detection methods can be described as follows: To
further improve the detection performance of the
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Fig. 14 Resultsof the experiment for induction
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Fig. 15 Results of the experiment for induction
generator using atype (c) load
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Fig. 16 Resultsof the experiment for induction
generator using atype (d) load
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proposed passive idanding detection method, the
active islanding detection method based on voltage
fluctuation injection will be investigated and
integrated in the proposed passive method.
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