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Abstract

Applications of grid-connected photovoltaic systems are rapidly expanding, providing a
viable technology for renewable energy resources. Such systems are utility interactive and
one of the major difficulties in their efficient use is related to islanding phenomena connected
with a possibility of supplying surplus power back to the utility grid. In detecting and pre-
venting such situations, anti-islanding protection devices play a paramount role. In this
paper, we analyze the existing techniques in order to identify a methodology with an opti-
mum combination of characteristics. We implement the chosen methodologies in SIMU-
LINK. Major attention is given to the phase jump detection method (PJD), and to the slip
mode frequency shift method (SMS) for which we provide a detailed description of our
SIMULINK implementations and their evaluations performed on the basis of their non-
detection zones. We develop an experimental iterative scheme to validate the results of com-
putational experiments obtained with the developed models, and report the results of several
computational tests.
# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Grid-connected photovoltaic (PV) systems continue to attract an increasing
interest, in particular, in the form of photovoltaic arrays as an alternative source of

energy. Such systems use solar energy to generate electricity, and they can be
efficiently used as a power source for domestic use. One of the most important

issues in the application of these and other dispersed power systems is the develop-
ment of efficient protection techniques against a phenomenon known as islanding

as well as against other ‘‘run-on’’ phenomena [19]. Indeed, in applications, PV sys-
tems have to be connected to a utility power grid, and hence, one has to deal with

utility interactive PV systems, because both the PV system and the grid supply
power to the load. If the power generated by the PV system is greater than the

total needs of the entire system, the excess power will be fed back into the grid;
otherwise, the power will be drawn from the grid to meet the requirement of the

load.
Islanding of a grid-connected PV system occurs when a section of the utility sys-

tem containing such a PV system is disconnected from the main utility voltage

source; however, the PV system continues to feed the utility lines in the isolated
section known as an island [15]. Such isolated islands may cause a serious danger

to the personnel who may consider the load as inactive, while in reality, the PV
system may feed power to utilities. They may also substantially complicate the nor-

mal reconnection of the utility network due to a damage made to the load in the
island itself. Furthermore, for those utility customers located in the island, the con-
nected equipment may also be damaged, because the supplying power will not be

able to maintain the required power quality [11,12,17]. For these reasons, the
islanding phenomenon is considered as one of the most important issues in design-

ing PV systems, and in maintaining reliable utility grid operation [18].
The existing methodologies for islanding detection and prevention can be div-

ided into two categories: active methods and passive methods [5,7,10,13,14]. In

applications, each specific methodology has its own advantages and drawbacks.
Therefore, in designing anti-islanding protection devices, both mathematical theory

and measurements of PV systems play an important role in the success of the entire
process. In this paper, our goal is to analyze, implement, and test methodologies

that are most promising for this process. The paper is structured as follows. In Sec-
tion 2, we give a brief overview of the existing methodologies with the aim of iden-

tifying two most promising techniques for subsequent analysis. In Section 3, we
highlight the main features of the islanding network used as a prototype in further

discussion. Section 4 is devoted to the construction of models for the two chosen
methodologies. The main characteristic of the effectiveness of anti-islanding meth-

ods is their non-detection zone (NDZ), which is evaluated and compared in Section
5. A scheme for the experimental validation of the developed models is discussed in

Section 6 by considering a case with one load combination. In Section 7, we apply
that scheme to compare experimental results with the results of computations

obtained with the developed models. Conclusions are given in Section 8.
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2. Comparison of anti-islanding methodologies and network analysis: basic

assumptions and specifications

It is commonly agreed in the literature (e.g., [16]) that in order to be effective, an
islanding prevention method should be able (a) to detect islanding and disconnect
the PV system from the utility (this should be possible to achieve in different envir-
onments, with different initial states of the system, the multiple inverter case situa-
tions, etc.), (b) to detect islanding fast enough by guaranteeing safety, reliability,
and integrity of the entire system, and (c) to disconnect the PV system only when
actual islanding happens that is when the grid supply is disconnected but the local
network voltage and frequency remain within regulation limits (e.g., [14]).
A number of methodologies have been developed in the literature with the aim

achieving the above goals. Based on the literature review, in particular [3–6,8,9,16],
we have analyzed the most promising methodologies, both passive and active, typi-
cal for inverters. The methods that require implementing communication techni-
ques (e.g., based on signal processing, supervisory control, etc.) between the grid
and the PV system have remained outside the scope of the present paper. The
methods that have been analyzed include: under/over voltage and under/over fre-
quency (OUV/OUF), voltage phase jump detection (PJD), and harmonic detection
in the group of passive methodologies, as well as impedance measurement, slip
mode frequency shift (SMS), active frequency drift method (AFD), active fre-
quency drift with positive feedback (AFDPF), mains monitoring units with allo-
cated all-pole switching devices connected in series (MSD or ENS) in the group of
active methodologies, among others.
Most of the methods that we are interested in here can be compared based on a

technique developed in [16] which is well established for standard protection sys-
tems. Let us denote the power coming to a certain node ‘‘a’’ of the grid-connected
utility interactive system from the PV system as Ppv þ jQpv (with P and Q denoting
the real and reactive powers, respectively). The power coming from that node to
the load is denoted as Pload þ jQload. Hence, the difference between the two is easily
defined as [4]

DP ¼ Pload � Ppv DQ ¼ Qload �Qpv: ð1Þ

It is the values of DP and DQ that determine the behaviour of the system. In
particular, when the utility relay or breaker is open, both these values are zero,
while the analysis of an isolated system will be essentially determined by their
values just before that relay opens while forming an island. Following [16], we
denote these values as DP� and DQ�. Since these values may fall into a non-detec-
tion zone of the method used for islanding detection, we need to analyze how close
these values are to zero.
There are several different cases to consider. If DP� 6¼ 0, the standard OUV/

OUF method can be applied. This method includes four standard relays: an over-
voltage relay, an undervoltage relay, an overfrequency relay, and an under-
frequency relay. The abnormal voltage or frequency will cause the relays open so
that the inverter is disconnected from the grid [2]. The drawback of this approach
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is related to the situation where DQ� 6¼ 0, in which case this methodology cannot

guarantee the islanding protection. On the contrary, the PJD methodology can

effectively prevent islanding in the case where DP� 6¼ 0. The methodology can be

quite effective in practice, and we have chosen this methodology for our further

analysis as a representative example from the group of passive methodologies.

Note also that the methodology works also in the multi-inverter case (in particular,

when all inverters use the same anti-islanding prevention scheme).
There is experimental evidence to suggest (see [16] and references therein) that in

the group of active methodologies the SMS methodology is highly effective and can

work efficiently even in multi-inverter situations. If phase conditions are met

(which can be achieved by an RLC makeup of the load, as shown in Fig. 1), this

method works for any DP–. It works well for the case of DQ� 6¼ 0, as well as for

the case of DP� ¼ DQ� � 0 (no matter whether we deal with purely resistive loads

or resonant RLC loads). It is this method that will be analyzed further in this

paper with a model and its SIMULINK implementation discussed in Sections 4–7.
In order to establish a mathematical model of prototype anti-islanding devices

for PV systems based on PJD and SMS methodologies, we make the following

simplifications. In what follows, a PV inverter is considered as a current source and

the utility grid is simplified as a voltage source. In our representation of the utility

interactive PV system, we follow [16] (see also references therein). This represen-

tation is given schematically in Fig. 1, and it contains all basic components present

in standard PV system/utility feeder configurations.
The analysis of an islanding network is performed under the assumption that the

grid can supply sufficient power to the load. In other words, we assume that as

long as the grid is connected, we have the following relationship satisfied:

Pgrid ¼ Pload; Va ¼ 230 V; fa ¼ 50 Hz; ð2Þ
Fig. 1. Schematic configuration of the PV system/utility.
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where Pgrid is the power supplied by the load, Va is the load voltage, and fa is its
frequency. While the grid is connected, the frequency of PV current is assumed to
be the same as that of the load voltage (in our case, fpv ¼ fa ¼ 50 Hz). After the
grid is disconnected, the frequency of PV shifts to follow the load voltage, and in
this case, we have fpv 6¼ 50 Hz. We denote the phase angle of inverter current by h.
Note also that the power factor (PF) of the inverter depends on a specific anti-

islanding method in use. For most passive methods, PF of the inverter is one, while
for active methods, PF may change with respect to the frequency. Indeed, the real
power of the load remains the same for the inverter, no matter whether the real
power is matched or not before islanding, but actual powers could be different.
This may be formalized by the following model:
– im
mediately before the islanding, we have the following relationship:

Pload þ jQload ¼ ðPpv þ DPÞ þ jðQpv þ DQÞ ð3Þ

– in
 the islanding situation, we have:

Pload ¼ IpvVloadcoshload ¼ Ppv; Ipv ¼
Ppv

Vloadcoshload
; ð4Þ

where Vload is the real time root mean square (RMS) voltage measured from the
load, Q is the reactive power, for which the (lagging) PF is positive, and hload can
be interpreted as the angle of the power factor of the load.
3. Implementation of the PJD methodology for islanding detection

Our major goal in the subsequent sections is to implement and computationally
analyze the SMS methodology. In this section, we start our discussion from the
PJD method as a representative method from Group I. As we would see, there are
several subsystems that are common for both SMS and PJD methodologies. In
Fig. 2, we provide the model of the entire system with built-in PJD methodology
for islanding protection.
Here, we model the load as a parallel RLC makeup. Certainly, in reality, the

situation is more complicated. However, experimental test results and theoretical
evidence (e.g., [2]) show that this simple model should work well in the prediction
of worst-case islanding test conditions. The parallel RLC in our model can be pre-
sented by the following transfer function:

Z ¼ 1

1

R
þ 1

Ls
þ Cs

¼ RLs

RLCs2 þ Lsþ R
: ð5Þ

It is straightforward to implement the subsystem ‘‘1=Z’’, but in doing so, one
has to note that the transfer function cannot be written as the reciprocal of (5),
because in implementing the standard transfer function block, the order of the
numerator cannot be larger than that of the denominator. Instead, one can easily
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observe that 1=Z can be rewritten as follows:

1

Z
¼ 1

R
þ 1

Ls
þ Cs ¼ RLCs2 þ Lsþ R

RLs2
s ¼ GðsÞ du

dt
: ð6Þ

The representation of 1=Z in form (6) allows us to realize this subsystem by con-
necting a ‘‘transfer function’’ block (with the second order polynomials in the
numerator and denominator which is a legal expression for SIMULINK
implementation) and a ‘‘differential’’ block. The block diagram is implemented in
SIMULINK in a straightforward manner and is shown in Fig. 3.
Next, we need to implement the frequency detection block. The load voltage is

taken for this purpose as an approximate sine wave. The information on the detec-
tion period is recorded each time instance for which voltage crosses zero from
negative to positive values. Then, the time interval between the two successive time
instances is a period, and the frequency can be found by calculating the reciprocal
of the period. The implementation of the frequency detection block is given in
Fig. 4.
Note that the above three subsystems also provide a basis for both model imple-

mentations with SMS methodology and with standard OUV/OUF method. In Sec-
tion 5, we use the latter for comparisons based on non-detection zone evaluation.
The differences between three methodologies that we analyzed are reflected in the
Fig. 2. The system model with PJD method.
Fig. 3. Block diagram of ‘‘1=Z’’ subsystem.
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implementation of current generating and trip functions. Indeed, recall that for a
unity power-factor inverter, the current and voltage are in phase. In the implemen-
tation, the current starts at a positive zero crossing of voltage, which is the time
instance when the voltage rises to zero from being negative, and ends at the next
positive zero crossing. At the same time moment, a new current period begins [17].
Hence, one can observe that the frequency of current is the same as the voltage fre-
quency, and the current frequency can be different in each new period. A graphical
interpretation of this explanation is given in Fig. 5.
To recast the observations in Fig. 5 in a formal mathematical way, we write the

current in the following form:

ipv ¼ Imsinxaðt� t1Þ; ð7Þ

where ipv is the inverter current, Im is the amplitude of the inverter current, xa is
the angular frequency of the load voltage Va, t1 is the time moment of positive zero
crossing of Va, and t is the simulation time, which is counted from start to the cur-
rent time.
Shortly after islanding conditions arise, frequency of the voltage changes, and, as

we have explained above, each subsequent frequency may be different from the
previous one. The methodology has been implemented in SIMULINK, and we
present this implementation in Fig. 6. Note that we use a switch to jump over the
time interval corresponding to the situation where the root mean square value of
the load voltage is equal to zero, i.e. Vrms ¼ 0. This switch begins to operate in the
case where the simulation has just been started; otherwise, the system produces a
warning ‘‘divided by zero’’.
In Fig. 6, the power factor of load is found according to Eq. (8):

h ¼ atan
1

xL
� xC

� �
R

� �
: ð8Þ
Fig. 4. Subsystem of ‘‘frequency detection’’.
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For convenience, we set the input units of L and C as millihenry and microfarad,

so that in the block ‘‘PF of load’’, L and C are multiplied by 1	 10 3 and

1	 10 6, respectively.
In Fig. 7, we present the block diagram of the ‘‘voltage control’’ subsystem. It

contains several major parts. The part containing a sequence of blocks from the

input block to the ‘‘calculate Vrms’’ block is used here to calculate Vrms. The next

part, presented in Fig. 7, generates a control signal according to the supplied volt-

age. The subsequent part is the ‘‘stop after 4 abnormal periods’’ subsystem, which

ensures that the inverter stops when the islanding does occur. The algorithm imple-
Fig. 5. The relation between inverter current and load voltage.
Fig. 6. Implementation of the inverter current block with PJD method.
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mented in this part tests four successive periods: if all of them are abnormal, the
situation is considered as such where the islanding phenomenon does take place.

This part is explained in detail in Fig. 8(a)–(c).
diagram of the ‘‘voltage control
Fig. 7. Block ’’ subsystem.
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Finally, the ‘‘phase jump control’’ and ‘‘voltage control’’ blocks are used to gen-

erate a signal to stop the inverter when islanding is detected. The implementations

of these blocks are shown in Figs. 9 and 10, respectively.
ested subsystems in the ‘‘stop after 4 abnormal periods’’ part. (a) Block diagram of th
Fig. 8. N e ‘‘stop

after 4 abnormal periods’’ subsystem. (b) Block diagram of the ‘‘period counter’’ subsystem. (c) Block

diagram of the ‘‘hold state’’ subsystem.
Fig. 9. Block diagram of the ‘‘phase jump control’’ subsystem.
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In Fig. 9, the angular frequency of the grid voltage is found as follows:

x ¼ 2pfrate ¼ 2	 p 	 50: ð9Þ

The block diagram of the ‘‘avoid restart’’ subsystem is the same as the one

shown in Fig. 8(c). This completes the model construction for the entire system

with PJD method. Now, we are in a position to proceed to a more complicated

case related to the implementation of our active methodology for islanding detec-

tion and prevention.
4. Implementation of the SMS method for islanding detection

We have implemented the SMS method for the entire system by using modeling

tools of SIMULINK. The result is presented in Fig. 10. The system consists of a

number of subsystems, some of which are intrinsic to the group of active methods,

while the others can find their counterparts in the passive methodologies.
Note, in particular, that subsystems called ‘‘grid’’, ‘‘frequency detection’’, ‘‘load’’

as well as the ‘‘1=Z’’ subsystem are modeled in absolutely the same way as their

analogues in the PJD methodology. One of the intrinsic features in our implemen-

tation of this active method, which is not present in the passive PJD methodology,

lies in the fact that the PF of inverter changes with respect to the frequency. Sche-

matically, this phase–frequency relation is represented in Fig. 11.
Fig. 10. System model with SMS method.
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In this case, the phase–frequency relation can be expressed by a simple sinus-
oidal dependency as follows:

h ¼ hmsin
pðf � frÞ
2ðfm � frÞ

� �
; ð10Þ

where hm is the maximum phase angle of the inverter, fr is the rated frequency (the
frequency of normal operation), and fm is the frequency corresponding to the
maximum phase angle of the inverter. Frequency limits have been taken as follows:
fm has been set at 51 Hz, and fr has been set at 50 Hz. We consider the worst qual-
ity factor of load (Qf ¼ 2:5) and take hm to be 10

v
. The inverter current is modeled

by using the following dependency

ipv ¼ Imsinxa½ðt� t1Þ þ h� ¼
ffiffiffi
2

p
Ppv

Vrmscoshload
sin½ðt� t1Þ þ h�; ð11Þ

where Im is the amplitude of the inverter current, xa is the angular frequency of
the load voltage Va, and t1 is the time moment that corresponds to the onset of
positive zero crossing of Va.
A natural simplification of our model follows from the fact that no stable running

state is needed in islanding. Hence, the phase–frequency curve can be approximated
quite well by a straight line as follows:

h ¼ 15	 ðf � 50Þ: ð12Þ
In order to cover the islanding cases typical for the inverter with characteristic

curve presented in (10), the biggest slope of Eq. (10) on the interval of 49–51 Hz is
chosen as the slope of the straight characteristic line. The advantage of Eq. (12) is
obvious: it allows for an easier implementation compared to the original sinusoidal
representation of the phase angle–frequency relation.
In Fig. 12, we present a complete block diagram of the ‘‘inverter current’’ sub-

system. In this diagram, Eq. (12) is applied as a look-up table, where h is determ-
ined by the input frequency. The current amplitude is calculated according
to Eq. (4). The time moments of positive zero crossings are measured in the
Fig. 11. SMS sinusoidal frequency shift [15].
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‘‘frequency detection’’ subsystem. The value of Vrms is calculated by the ‘‘Vrms’’

subsystem (see Fig. 13). The difference from the ‘‘voltage control’’ subsystem

implemented in the PJD method is that the ‘‘Vrms’’ subsystem in our present situ-

ation does not generate a control signal.
Having described the PJD methodology in detail in the previous section, the

only thing that is left for the SMS method is to implement a monitoring function

of the load frequency. This implementation is presented in Fig. 14.
Our last comment in this section is related to an observation that in the case

where the damped frequency in islanding is near rated grid frequency (since the

load frequency is detected all the time), we have the damped frequency that is in

the normal range of operation. Hence, in contrary to what we want to achieve, the

model will start the inverter again in this case after a very short time interval. To

prevent the inverter from operating in the above situation, we have implemented a

‘‘disable restart’’ subsystem (see Fig. 14). This subsystem always outputs a stop sig-

nal starting from the time moment when the first frequency trip occurs.
Fig. 13. Block diagram of the ‘‘Vrms’’ subsystem.
Fig. 12. The block diagram of the ‘‘inverter current’’ subsystem.
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5. Evaluating main characteristics of anti-islanding method quality

A major characteristic that determines the quality of any anti-islanding method-
ology is its non-detection zone. The aim of this section is to present non-detection
zones produced by the methodologies developed and implemented in the previous
sections. For the purpose of evaluating these non-detection zones, first we specify
all necessary parameters of the system used in our evaluation. According to the
IEEE definition for a non-islanding inverter [1], we know that the closely matched
load case has a quality factor (denoted by Qf) of 2.5 or less. All evaluations of non-
detection zones presented below are obtained with Qf ¼ 2:5.
The quality factor is defined by the following relationship:

Qf ¼ R

ffiffiffiffiffi
C

L

r
: ð13Þ

Taking into account that in the resonant case, the angular frequency is

x ¼ 1ffiffiffiffiffiffiffi
LC

p ; ð14Þ

we arrive at the following representation of the quality factor:

Qf ¼
R

xL
: ð15Þ

The selected Qf of 2.5 equates to the power factor of 0.37. Indeed, in our
case, the power factor is determined by the uncompensated RL load, while the
capacitor can be seen as a shunt for improving the power factor. The relationship
connecting PF and Qf can be written as follows (e.g., [1]): PF ¼ cosðatanðQfÞÞ.
Due to the fact that the power factor increases when Qf decreases, we conclude
that the IEEE requirement of Qf ¼ 2:5 (or less) equates to uncompensated power
factors from 0.37 to unity. This will cover all practical distribution line power
factors [1].
Fig. 15 is the NDZs of the PJD method, the SMS method and the OUV/OUF

method, which are evaluated under the above conditions.
To make Fig. 15 easy to understand, some abbreviations are explained here:
OFR—overfrequency relay,

UFR—underfrequency relay,
Fig. 14. Subsystem of the ‘‘frequency control’’.
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OUR—overvoltage relay,

UVR—undervoltage relay.

The degree of imbalance of reactive power is presented as ðQload �QinvÞ=Pload 	
100%

The degree of imbalance of active power is presented as ðPload � PinvÞ=Pload 	
100%

In Fig. 15, we use the following notation: Pload is the active power of the load,
Pinv is the active power of the inverter, Qload is the reactive power of the load, and
Qinv is the reactive power of the inverter. The NDZs presented in Fig. 15 have been
evaluated in the case of imbalance in both active power and active power.
First, we note that the NDZ of the standard OUV/OUF method is used here as

a starting point for further improvements. In Fig. 15, this area is the outer trap-
ezoid. Then, we present the NDZ of the PJD method, which is represented in
Fig. 15 by the inner trapezoid. We observe that the PJD method reduces the NDZ
of the standard OUV/OUF, in particular in the case where the reactive power is
not matched, as can be judged upon from Fig. 15. The underlying difficulty with
the PJD methodology, however, lies with the fact that it is extremely difficult to
define a reliable phase jump threshold (indeed, even without any islanding con-
ditions, the start of big motors may cause abnormal phase shift) (Table 1).
Finally, we note that from a theoretical point of view, the NDZ of the SMS

methodology is a single point, which corresponds to the case where both real
power and reactive power are perfectly matched. In this ideal case, there is no
power drawn from the grid. Even when there is no connection of the grid to the
load, the load still works normally. In other words, the existence of the grid has no
Fig. 15. NDZs of PJD, SMS and OUV/OUF methods [1].
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effect on the frequency or the voltage of the load. Therefore, there is no frequency
shift or voltage variation. In this case, the threshold of frequency should be much
easier to set compared to the passive methods like the PJD. Note that in reality,
the output power of the inverter varies (e.g., as a result of different weather/sun-
light conditions) as does the load power. Under these conditions, a situation where
real and reactive powers are perfectly matched is practically impossible which leads
to a very high efficiency of the SMS methodology.
6. Experimental setup and iterative experimental scheme

In this section, we describe an experimental scheme used in testing our model for
the SMS methodology that has been developed in the previous sections. All major
parts of the experimental setup can be seen in Fig. 16, including the power supply,
oscilloscope, DC–DC transformer, computer, capacitors, and inductors (resistors
are not presented in the figure). The block diagram of this experimental setup is
presented in Fig. 17. In this figure, the DC power supply is used to simulate the
solar panel providing DC power to the inverter.
Table 1

The implemented methods and their thresholds
Method
 Threshold
Upper voltage

limit (V)
Lower voltage

limit (V)
Upper frequency

limit (Hz)
Lower frequency

limit (Hz)
OUV/OUF method
 253
 195
 51
 49
PJD method
 253
 195
 Phase jump threshold: 3
v

SMS method
 51
 49
 –
 –
Fig. 16. Experimental equipments used in the tests.
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In the experiment, the input voltage of the inverter was required to be 340 V,
and hence a DC–DC transformer was needed to raise the voltage. The inverter and
the grid were connected by an RLC load, and, in its turn, the grid was connected
to the load through a recloser. The latter was viewed as a breakpoint, which can
cause islanding on the grid. Furthermore, there was a built-in switch in the inverter
for stopping the inverter when islanding was detected. The computer (as seen in
Fig. 16) was used to control the DC–DC transformer and inverter. The trans-
former and inverter run independently after the initial start-up. One current probe
measured the inverter current, while the other measured the grid current. A voltage
meter measured the load voltage. Note that both the current probes and the volt-
age meter were connected with the oscilloscope (shown in Fig. 16) through different
channels.
The following specifications were used for experimental tests: R ¼ 55 X,

L ¼ 80:3	 10 3 mH, C ¼ 90:2 lF. The load was capacitive and the quality factor
was 2.2. The results of these experiments were used for comparisons with the
results obtained with the developed model. This is discussed in the next section. We
conclude this section by presenting an iterative scheme (Fig. 18) that schematically
describes the entire procedure of our experimental tests.
7. Computational results and comparisons with experiments

In this section, we report two groups of computational experiments performed
with the developed model. In the first group, our aim is to demonstrate that the
implemented SMS methodology is superior over the standard OUV/OUF method.
In the second group of computational tests, we evaluate detection times for both of
these methodologies. In both cases, we compare the results obtained with the
model and the experimental results performed according to the scheme described in
Fig. 17. Block diagram of the experimental setup.
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the previous section. Because of the setup in the experiments, the inverter power

cannot be explicitly measured, while it can be obtained approximately by excluding

the internal power consumption of inverter from DC power. By experience, 8%

power decay of the inverter is used in the following computations.

7.1. Computational experiment 1

The implemented models for the OUV/OUF and SMS methods have been com-

pared under the conditions specified below:

. DC power: PDC ¼ 3:1 A	 293 V � 908 W.

. The power of inverter: Pinv ¼ PDCð1� 0:08Þ � 835 W.

. The power of load: Pload ¼ ð220 VÞ2=55 X � 880 W.

. Degree of imbalance: DP=Pload ¼ 835 W� 880 W=880 W � �5%.

Under these conditions, the standard OUV/OUF method fails to detect island-

ing. However, as we demonstrate in Fig. 19, the SMS method can successfully
Fig. 18. The iterative experimental procedure.
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detect islanding conditions. The results are presented alongside with the experi-

mental results obtained under the specifications described before. Since the power

of the inverter is less than that of the load, the voltage and current should drop in
islanding. This phenomenon is observed in both experiment and simulation. For

convenience, we define the main divisions at the triggering point at time zero (the
ig. 19. Islanding detected by the SMS method in the case Pinv is 5% less than Pload
F .
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time before that is negative and the time after it is positive), with the time units

given in seconds. The detection time determined by our experimental equipment is

about ð0:070� 0:016Þ ¼ 0:054 s, while the detection time determined by our com-

putational algorithm is ð2:075� 2:010Þ ¼ 0:065 s. Given the inaccuracy in measure-

ments caused by power variations and other factors, experimental and computed

results are in good agreement.
Note that not only does the model predict the detection time quite well, but it

gives also the same changing tendency in current and voltage as obtained from the

experimental results. This happens in the situation where the standard methodolo-

gies typically fail.
slanding detected by the SMS method in the case where Pinv is 33% less tha
Fig. 20. I n Pload.
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7.2. Computational experiment 2

In this experiment, we aim at comparing detection times in a situation where
both the standard OUV/OUF method and the SMS method can detect islanding.
Both these methods were tested under real power mismatched conditions, which

were taken as follows:

. DC power: PDC ¼ 2:6 A	 233 V � 606 W,

. The power of the load: Pload ¼ ð212 VÞ2=55 X � 817 W,

. The output power of the inverter: Pinv ¼ PDCð1� 0:08Þ � 558 W,

. Degree of imbalance: DP=Pload ¼ 558 W� 817 W=817 W � �32%.

Under these conditions, both methods can detect islanding. However, the
efficiency of the SMS methodology is higher and, as shown in Fig. 20, experimental
and simulation results for this method are in good agreement. It takes ð0:102�
0:008Þ ¼ 0:094 s to detect the islanding by the SMS method. This is by 0.03 s less
(or 33% less) compared to the standard OUV/OUF methodology. The efficiency of
the SMS makes it a method of choice in real power mismatched situations. It is a
reliable methodology, which outperforms standard methodologies such as the
OUV/OUF method.
8. Conclusions

In this paper, we developed models and their SIMULINK implementations for
two representative examples of the most effective methodologies from passive and
active groups of methods. Our choice was based on an overview of the existing
methodologies for islanding detection. By analyzing non-detection zones of these
methods and comparing them with non-detection zones of the standard methodol-
ogies such as OUV/OUF, we came to the conclusion that the SMS method stands
out of the methods we analyzed here. It has a simple theoretical justification, a
relatively easy (low cost) implementation, and a good output power quality. The
results of computational experiments, based on the model with built-in SMS meth-
odology, agree well with those obtained by experiments. Even if powers are closely
matched and most of standard methodologies fail to predict islanding, the SMS
method can reliably detect islanding conditions within 0.2 s, as required by the
IEEE standards [2]. When standard methodologies, such as the OUV/OUF, can
detect islanding, the SMS methodology can do that more reliably and quicker.
Computational experiments show that in some cases, this advantage can lead to a
33% faster detection time with the implementation of the SMS methodology.
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