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Abstract: This paper analyzes the use of pulsating high
frequency signal injection for islanding detection purposes.
Active islanding detection using high frequency signal injection
is an appealing option due to its reduced non-detection zone,
reduced cost and ease of implementation. The use of a rotating
high frequency signal has been reported and analyzed.
However, this method can only be applied to three-phase
systems. In this paper, the use of a pulsating high frequency
signal injection is proposed. While it uses the same principles
as rotating signal injection, it can be applied to both three-
phase and single-phase systems.

I. Introduction

Islanding is defined as the situation where a distributed
generator (DG) or DGs continue generating power when
they are not connected to the utility grid. Islanding detection
has been the focus of significant research efforts during the
last years due to the increasing share of the distributed
generation in the power system. Distributed generation can
be based either on renewable (wind turbines, photovoltaic,
...) and non-renewable (biomass, fuel cells, micro-gas
turbines,...) energy resources. National, regional and local
authorities regulate the interconnection of the distributed
energy resources to the utility grid, in most of the cases
following the standards and recommendation that are
published by standardizing institutions [1-8]. In all the cases
the standards require that the system has to detect if it is
connected or disconnected from the utility grid (islanding
detection) within a timeframe, e.g. 2 seconds for the IEEE-
1547 [1], UL-1741 [2], IEC-62116 [3], AS-4777 [4], IEEE-
929 [5] and DIN-VDE-0126 [6], or 5 seconds for the Swiss
[7] and Australian [8] standards. These standards use the
impedance variation within the considered timeframe as the
metric for islanding detection, e.g. 1 Q variation for the
German and 0.5 Q for the Swiss and Australian.

Three different scenarios can be considered for islanding
detection: Single-inverter, Multi-inverter and Microgrid [9].
In the Single-inverter scenario only one DG exists and all the
power is exported to the grid. In the Multi-inverter scenario
most (or all) of the power generated by the DGs is exported
to the grid throughout the point of common coupling (PCC).
In the Microgrid scenario, a major portion (or all) of power
generated by the DGs is consumed by the microgrid loads,
the remaining power being exported to the grid throughout
the PCC. The Multi-inverter case could be considered as a
particular case of the Microgrid scenario, but with a major
portion of the energy being exported to the utility grid. In all
cases, the system is required to have the ability to detect if it
is connected or isolated from the utility grid [9, 17-19].

Islanding detection methods can be classified into three
groups: passive [10, 11], active [9, 11-19] and
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communication based [11] methods. Passive and active
methods are inverter resident [9, 10], while communication
based methods are remote [9, 10]. Passive based methods
are grid friendly, as they do not introduce any disturbance in
the grid [10], but have the disadvantage of a large non-
detection-zone (NDZ) [11]. Active methods are based on the
injection of some disturbing signal in the grid [9, 11-19],
therefore having a negative impact on the power quality.
However, they have low NDZ [17, 18], being easy and cheap
to implement. Finally, communication based methods have
no NDZ, but they need a communication infrastructure,
being therefore subjected to communication failures [10, 17,
18].

Active islanding detection based methods can be further
divided into two groups:

e Grid variable variation based methods [11].
Islanding is detected from the grid response to a
small disturbance, typically in the voltage or
frequency, produced by the power converter
connecting the DG to the microgrid.

e Impedance estimation based methods [11-19]. In
these methods, islanding is detected from variations
at the power converter output impedance. These
methods can be further divided into methods that
estimate the impedance by the variation of the
active/reactive power [12] or by the injection of
some form of high frequency excitation [13-18].
The high frequency excitation can be injected
continuously or intermittently [17, 18]. The use of
harmonics due to the non-ideal behavior of PWM
inverters has also been recently proposed to estimate
the high frequency impedance [19], no high
frequency signal being injected in this case.

While the implementation of islanding active method
based on the high frequency impedance variation is
relatively simple in the case of Single-inverter, interference
among converters can occur both in the Multi-inverter and
Microgrid scenarios, which can result in erroneous
impedance estimation and therefore incorrect islanding
detection [9, 17, 18]. Strategies to prevent from this to
happen have already been proposed [9, 18].

Most of the impedance estimation active islanding
detection methods that have been proposed are intended for
three-phase systems [11-18]. Nevertheless, single-phase
DGs (e.g. single-phase micro-wind generation, small-scale
solar panel,...) for low-power home applications are
becoming of great interest. The reduced implementation
cost of the active islanding detection based methods
therefore makes them an appealing option for these kinds of
applications.

In this paper, islanding detection using a pulsating high
frequency signal is proposed. The main advantage of the
pulsating excitation compared to other forms of high
frequency excitations that have already been proposed is that
it can be used indistinctly with single-phase and three-phase
systems.



The paper is organized as follows. A brief review of
active islanding detection methods based on high frequency
signal injection as well as the analytical formulation of the
proposed method is presented in section II. The use of
pulsating high frequency signal injection for phase-to-phase
and phase-to-ground fault detection in three-phase systems is
discussed in Section III Finally simulation and
experimental results confirming the viability of the method
are shown in section IV and V respectively.

II. Islanding detection using pulsating high frequency
signal injection

DGs are usually connected to the main grid/microgrid by
means of a three-phase (see Fig. 1a) or single-phase (see Fig.
1b) PWM-VSI [17-20]. The H-bridge inverter (Fig. 1b) is
the most common topology in single-phase systems [20].
High frequency signal injection active islanding detection
based methods inject a high frequency signal superposed on
the fundamental voltage through the PWM-VSIs, islanding
being detected from the variations of the measured high
frequency impedance. The use of a rotating high frequency
signal has been proposed for islanding detection [9, 17-19];
however this type of high frequency excitation cannot be
applied to single-phase systems.

Selection of the frequency for the high frequency
excitation involves trading off several issues, including the
adverse impact of the injected signal on the power quality,
the spectral separation with the fundamental voltage as well
as with the output LCL filter and the grid resonance
frequencies [17, 18]. Frequencies ranging between 75 and
400 Hz can be found in the literature [9, 11-19].
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Fig 1. Simplified distributed energy resource connection to the utility
grid/microgrid using a) a three-phase VSI, and b) a single-phase VSI.

The principles and implementation of the proposed
islanding detection method using a pulsating high frequency
signal are analyzed following. In the first place, the case of
three-phase system is considered, the single-phase case being
analyzed later.

a) Three-phase systems

When a pulsating high frequency signal voltage (1) is
injected into a three-phase system with an angle of injection
@;, the resulting high frequency current at the output of the
LCL filter (see Fig. 1) is given by (2), the grid high
frequency impedance being (3), where v, is the injected

high frequency voltage complex vector, V,, is the magnitude
of the injected high frequency signal, w,, is the frequency of
the high frequency signal, v, ., 1s the output LCL filter
high frequency voltage complex vector, i, ., is the output
LCL filter high frequency current complex vector, i, is the
output inverter high frequency current complex vector, L; is
the inverter side LCL filter inductance, L, is the grid side
LCL filter inductance, Z,, ., is the microgrid high frequency
impedance and ¢, is the phase of the microgrid high
frequency impedance. The transformation from three-phase
to dq0 quantities is given by (4). The angle of injection @;
can be selected to be constant, or can change with an angular
frequency of ®;. In the first case, the pulsating signal will be
injected in a stationary reference frame, while in the second
case, the pulsating signal is in injected in a reference frame
that rotates at ;.

It is observed from (1)-(2) that the pulsating high
frequency voltage and current can be decomposed into two
rotating signals (Vi » Vi » by » lagy ) Which rotate in
opposite direction, each of half the amplitude of the injected

signal. Both components can potentially be used for high
frequency impedance estimation (3).
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Fig 4. Signal processing for islanding detection using a single-phase inverter.

dq.~rotating reference frame.

In the discussion following, it is assumed that the neutral
of the loads are connected to ground, which is the case for
low voltage public distribution systems [22]. However, the
neutral wire is not typically available in the connection of
three-phase distributed energy resources to the utility
grid/microgrid through three-phase VSI (see Fig. 1la).
Therefore the zero sequence component of the current (4) is
always zero in the inverter side.

The pulsating high frequency signal can be injected
either in a stationary reference frame (w,=0 in (1), see dg; in
Fig. 2) or in a rotating reference frame (w;#0 in (1), see dq,
in Fig. 2). When the high frequency signal is injected in a
reference frame that rotates e.g. aligned with the d, or ¢, axis
(see Fig. 2), all the phases are excited sequentially, meaning
that the high frequency impedance of all the three phases can
be measured. On the contrary, if the high frequency signal is
injected in a stationary reference frame, one, two or all the
three phases can be excited, depending on the angle of
injection selected. As an example, only phase a is excited if
the signal is injected in the d; axis, (see Fig. 2), in this case
the high frequency signal will be sensitive only to phase a
condition. It is also noted that since the
connection/disconnection between the microgrid and the grid
occurs simultaneously in all the three phases, the number of

phases being excited would be irrelevant for islanding
detection, i.e. all the three phases reflect the island-grid
transitions. However, sequential excitation of all phases
opens interesting possibilities for detecting asymmetric
faults in three phase systems. This issue will be discussed in
detail in section III.

Fig. 3 shows the signal processing needed for islanding
detection using a pulsating high frequency signal for the case
of a three-phase system. In the implementation shown in
Fig. 3 the PWM-VSI is current regulated. In this case, the
current regulator can react against the induced high
frequency current. To prevent this, band-stop filters are used
to reject the positive and negative sequence current
components (2) from the current feedback (BSF/ in Fig. 3).
Band-stop filters BSF2 and BSF3 in Fig. 3 are used to reject
the fundamental component of the voltage and current
respectively, while BSF4 and BSF5 reject the negative
sequence components, the positive sequence component of
these signals being finally obtained. The high frequency
impedance is obtained using (2) and (3), islanding being
detected from the high frequency impedance variation.

b) Single-phase system

Though the concept of complex vector defined by (4) is
only valid in principle for the case of three-phase systems, it
is also possible to use it with single-phase systems. This can



be done by defining a complex vector in which one of the
components (e.g. d-axis in (5) and (6)) is made equal to the
corresponding single-phase voltage/current and the other
component (e.g. g-axis in (5) and (6)) is made equal to zero.
By doing this, the high frequency impedance (3) in a single-
phase system can be estimated from (5) and (6), wherev,,, is
the injected high frequency phase voltage, v, and i,
are the LCL filter high frequency output phase voltage and
current respectively and i, is the inverter high frequency
output phase current.
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Fig. 4 shows the signal processing needed for islanding
detection in a single-phase system. A single band-stop filter
is needed to reject the component at w, (BSF1, see Fig. 4) to
prevent the fundamental current regulator reaction. As for
the three-phase system case, band-stop filters BSF2 and
BSF3 reject the fundamental components and BSF4 and
BSF5 reject the negative sequence components. Once the
positive sequence component of the voltage and current are
isolated, the high frequency impedance is obtained using (2)
and (3), islanding being detected from the high frequency
impedance variation.

It is finally noted that though in all the discussion
presented in this paper it is assumed that a high frequency
voltage is injected, it is possible to combine high frequency
voltage injection and high frequency current injection as
described in [9]. These can be advantageous when multiple
parallel-connected inverters implement the method [9]. It is
also noted that the dead-time effect in PWM single-phase
inverters produces a distortion that can be expressed as (7)
[19], being therefore possible to use any of the high order
harmonics in (7) for islanding detection purposes [19].
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III. Phase-to-phase and phase-to-ground fault detection
using pulsating high frequency signal injection

It has already been mentioned that since islanding in
three-phase system occurs simultaneously in all the three
phases, it can be readily detected independent of the high
frequency signal injection mode, i.e. stationary or rotating.
It is noted in this regard that the implementation of the
injection in the stationary reference frame is slightly simpler.
However, the injection of the high frequency signal in a
rotating reference frame opens interesting possibilities for

the detection of phase-to-phase and phase-to-ground faults in
three-phase systems.

Fig. 5a and 5b show the PCC voltage vector spectrum in
a rotating reference frame (dq. in Fig. 2) and in a stationary
reference frame (idg, in Fig. 2), when the pulsating high
frequency voltage is been superimposed on top of the
fundamental excitation. As shown in Fig. 5a, the pulsating
high frequency signal can be decomposed in two rotating
signals, vg,. and vy, of frequencies w, and -,
respectively. By transforming this voltage vector to the
stationary reference frame (see Fig. 5b), the frequency
components vz, and vy, at @, +o, and -, +o, are
obtained respectively.

The most typical asymmetric faults that occur in three-
phase systems are the phase-to-ground, phase-to-phase and
phase-to-neutral [21].  Typically the neutral wire is not
available in the connection of three-phase distributed energy
resources to the utility grid/microgrid through three-phase
VSI (see Fig. 1a). Therefore, only the phase-to-ground and
phase-to-phase faults will be analyzed in this section.

a) Phase-to-ground fault

When a pulsating voltage vector is injected into a three-
phase system with a fault to ground in phase a (see Fig. 6a),
the resulting high frequency phase currents are given by (8).
The pulsating signal is injected in a dg. reference frame
which rotates at @, = 50Hz and it is assumed that the fault
impedance is much lower than the system (load) impedance

(Zy).
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Fig. 6. a) Phase-to-ground fault, and b) phase-to-phase fault.
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Applying Fortescue’s theorem, (9), to the components in
(8) at w,, + w, , a set of symmetrical components is obtained
(10), with i, i* and i}, being the zero, positive
and negative sequence components respectively. It is noted
that though the same transformation could be used with the
components in (9) at —@,, + o, , the discussion following
focuses only for the frequency components at @,, + ; .
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where I, =Vb\/§/ZL .

If the fault occurs in phase b, the resulting symmetrical
components using (9) are given by (11), while if the fault
occurs in phase c it is expressed by (12). It is observed from
(10)-(12) that the faulty phase can be detected from the
phase angle between the positive sequence component (
Liape ) @nd the negative sequence component ( iy, ), which
is 0 when the faulty phase is phase a, 27/3 when the faulty
phase is phase b and 47/3 when the faulty phase is phase c.
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b) Phase—to—phase fault

When a pulsating voltage vector which rotates at ®,, is
injected into a three-phase system in which a phase-to-phase
fault between phases a-b occurs (see Fig. 6b), the resulting
phase currents are expressed by (13) and the resulting
symmetrical components are given by (14) (only the phasors
for the frequency components at @, + @, are shown). It is
assumed that the fault impedance (Zp) is much lower than
the load impedance (Z;).

The resulting symmetrical components when the fault
occurs between phases b-c or c-a are given by (15)-(16). It
is observed by comparing (14)-(16) that the faulty phases

can be detected from the phase angle between i, and
Ligwpe - 1-€. /3 when the fault occurs between phases a and
b, m when the fault occurs between phases b and ¢ and
—n/3 when the fault occurs between phases a and c.
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IV. Simulation results
pcc
| Loadl |

Fig. 5. Simulation scenario for both three and single-phase systems

Fig. 5 shows the scenario used to simulate the proposed
islanding and fault detection methods. The same scenario
was used for both single-phase and three-phase cases, the
corresponding inverter topologies being shown in Fig. 1.
The simulation parameters are shown in Table I.

Inverter

Table I

Three phase
Grid Inverter |Load |Line
380V, 50 Hz, ry/X,=0.1,380V, 3 kW [R=11.7mOhm
S..=15SMVA 10kHz L=8.68e-4H

Single phase
Grid Inverter |Load |Line
220V, 50 Hz, ry/X,~0.1,220V, 1 kW |[R=11.7mOhm
S..=SMVA 10kHz L=8.68e-4H

a) Islanding detection

Fig. 6 shows a transition from island to grid connected
for the case of a three-phase system, when the pulsating high
frequency signal is injected in a stationary reference frame
(dqs, see Fig. 3). Fig. 6a shows the dg, components of the
filter output voltage and Fig. 6b shows the dg, components
of the inverter output current; Both the voltages and currents
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Fig. 6 Simulation results. Transition from island to grid connected (t=1 s)
for the case of three-phase system. a) dg, components of the filter output
voltages, b) dg, components of the inverter output currents, ¢) dg;
components of the injected high frequency voltages and d) dg,
components of the inverter high frequency currents. @,~300 Hz, V,,=0.01
pu.
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Fig. 7 Simulation results. Transition from island to grid connected (t=1
s), for the case of a single-phase system. a) Filter output voltage, b)
inverter output current, c) dg, components of the injected high frequency
voltages, and d) dg, components of the inverter high frequency currents.
=300 Hz, ¥;,=0.01 pu.

shown in Fig. 6a and 6b consist of the fundamental
component and the high frequency component, the latest
being practically imperceptible due to its reduced amplitude.
Fig. 6¢ shows the dg, components of the injected inverter
high frequency voltage after removing the fundamental
voltage.  Similarly, Fig 6d shows the high frequency
components of the inverter output current once the

fundamental current has been removed. An increase of the
high frequency current magnitude is readily observed after
the transition from island to grid connected condition, due to
the reduction of the overall high frequency impedance.

Fig. 7 shows the same simulation results as in Fig. 6 for
the case of a single-phase system. Fig. 7a and 7b show the
inverter output voltage and current respectively (fundamental
and high frequency components), while Fig. 7c and 7d
shows the corresponding high frequency components. A
similar behavior of the inverter output high frequency
current is observed, the transition between grid and island

modes being readily observed.
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Fig. 8 Simulation results. a) Estimated high frequency impedance
magnitude and b) phase for the case of a three-phase system. Stationary
reference frame high frequency signal injection. w;,=300 Hz, },=0.01 pu.
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Fig. 10 Simulation results. a) Estimated high frequency impedance
magnitude and b) phase for the case of a three-phase system when the

pulsating high frequency signal is injected in a rotating reference frame.
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Fig. 8 and 9 show the estimated high frequency
impedance for three-phase and single-phase systems
respectively, when transitions from island to grid and from
grid to island occur at t=1s and t=2s. It is observed that the
estimated high frequency impedance is available in a few



ms., meeting therefore the islanding detection standards [1-
8].

As already mentioned, the pulsating high frequency
signal can be injected either in a stationary or a rotating
reference frame in three phase systems. This is confirmed
by the results shown in Fig. 10 where grid-island and grid-
island transitions are readily observed in the high frequency
impedance when the high frequency signal is injected in a
rotating reference frame.
¢) Fault detection

Fig. 11a and 11b show the magnitude of ij,.. and the
phase angle between ij,. and i, , for the following
faults: phase-to-ground faults in phase a (0.5<t<1 s), b
(1<t<1.5 s) and ¢ (1.5<t<2 s), and phase-to-phase faults
between phases a-b (2<t<2.5 s) and b-c (2.5<t<3 s). It is
observed that the magnitude of iy, . is zero when there is
no fault, the type (phase—to-ground or phase-to-phase) and
location or the fault being detected from the phase angle
between i, and iy, .

No
fault Phase-to-ground Phase-to-phase
g 2
2
¢ 31
a) B 0 r T I
i
= -100 i e
—-200 i e
b) 0 0.5 1 15 2 25 3
Fig. 11 Simulation results. a) ij,. magnitude and b) phase angle
between if; . and iy, for the case of a phase-to-ground fault in phase a

(0.5<t<1 s), b (1<t<1.5 s) and ¢ (1.5<t<2 s), and for the case of a phase-to-
phase fault between phases a-b (2<t<2.5 s) and b-¢ (2.5<t<3 s). w=50 Hz,
;=300 Hz, V;,~0.01 pu.
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Fig. 12 Simulation results. Phase angle between iy, and iy,
between i,, and i, . ©~=50 Hz, 0,~300 Hz, V},~0.01 pu.

and

Finally, Fig. 12 shows the dynamic behavior of the angle
between positive and negative components of the high
frequency current, iy, and iy,..  (blue), as well as
between the positive and negative components of the
fundamental current, i,, and i, (red), when a phase-to-
ground fault occurs in phase b (t=1 s). It is observed that the
phase angle between high frequency signals (i.e. iz, and
Lipe ) has a faster transient response than that of the
fundamental components (i.e. i, and i, ), therefore

enabling faster fault detection.

V. Experimental results
Fig. 13 shows the experimental setup used both for the
case of a three-phase and a single-phase systems. The
parameters are shown in Table II.

Table I

Three phase
Grid Inverter |Load |Line
380V, 50 Hz, r/X,=0.1,380V, 3 kW  [R=0.10hm
S.=15SMVA 10kHz

Single phase
Grid Inverter |Load |[Line
220V, 50 Hz, r/X,=0.1,220V, 2 kW [R=0.10hm
S..=5SMVA 10kHz
a)
b)

Fig. 13 Experimental setup. a) Three-phase, b) single-phase.
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Fig. 14 a) Estimated high frequency impedance magnitude and b) phase
when the pulsating high frequency signal is injected in the stationary

reference frame. w;,=300 Hz, },=0.01 pu.
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Fig. 15 a) Estimated high frequency impedance magnitude, and b) phase
when the pulsating high frequency signal is injected in a rotating
reference frame. ;=50 Hz, w,~300 Hz, V;,~0.01 pu.

Fig. 14, 15 and 16 show the magnitude and phase of the
estimated high frequency impedance during a transition for
island to grid-connected (t=1 s) and from grid-connected to
island (t=3 s). The high frequency signal was injected in the
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Fig. 16 a) Estimated high frequency impedance magnitude and b) phase.
Single-phase system. @,~300 Hz, V,=0.01 pu.
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Fig. 17 a) iy, magnitude and b) phase angle between if;,  and i},

for the case of a phase-to-ground fault in phase a (2<t<4 s), b (4<t<6 s)

and ¢ (6<t<8 s), and for the case of a phase-to-phase fault between phases

a-b (8<t<10 s) and b-c (10<t<12 s). =50 Hz, ®,~300 Hz, V},~0.01 pu.
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Fig. 18 Phase angle between if,  and iy, = (blue) and between i, and

iy (red) respectively. =50 Hz, w;,~300 Hz, V},~0.01 pu.

stationary reference frame in Fig. 14 and in a rotating
reference frame in Fig. 15. It is observed that the high
frequency impedance change is detected after a few ms both
for the case of three-phase and single-phase systems,
therefore meeting the islanding detection standards [1-8].

Fig. 11a and 11b show the magnitude of ij,.. and the
phase angle between ij,. and i, , for the following
faults: phase-to-ground faults in phase a (2<t<4 s), b (4<t<6
s) and ¢ (6<t<8 s), and phase-to-phase faults between phases
a-b (8<t<10 s) and b-c (10<t<12 s). It is observed that the
magnitude of i, is zero when there is no fault, the type of
fault being readily detected from the phase angle between
L @0d iy . Finally Fig. 18 shows the transient behavior
of the phase angle between iy, . and iy,  (blue) and
between i, and i;  (red), when a phase-to-ground fault
occurs in phase b (t=4 s) (see description for Fig. 12). In all
the cases, it is observed a remarkable agreement with the
simulation results shown in Section I'V.

VI. Conclusions

This paper proposes an islanding detection method based

on the injection of a pulsating high frequency signal. The

method is suitable both for three-phase and single-phase
systems. This is an advantage compared to most of already
proposed active islanding detection methods based on the
impedance estimation variation by means of a high
frequency signal injection [9, 17-18].

The island/grid-connected condition is detected in a few
ms in both three-phase and single-phase systems, which is
fast enough to meet the islanding detection standards [1-8].

It has been also shown that injection of a pulsating high
frequency signal can be additionally used for unbalance fault
detection in three-phase system.

Simulation and experimental results have been provided
to confirm the viability of both proposed methods: islanding
and unbalanced fault detection.
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