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Abstract: Constantly growing distributed energy generation based on renewable sources creates a
number of new challenges for electrical power system operation. One of the challenges is islanding
detection. Unintentional islanding, which can cause health and safety hazards for the personnel, is
currently being experienced by a growing number of consumers/prosumers especially in the case of
photovoltaic inverters. This work presents a new islanding detection method based on synchrophasor
measurements. The proposed method works in either a passive or hybrid mode. In a passive mode,
a single phasor measurement unit (PMU) in the island region is used. In a hybrid mode, one PMU in
the island and another one outside the island are exploited. The proposed method was verified in
conducted laboratory tests that confirmed the applicability of PMUs data for effective detection and
monitoring of unintentional islanding.

Keywords: phasor measurement units PMU; islanding; electric machines; signal processing; dis-
tributed energy generation

1. Introduction

Distributed generation (DG) based on renewables is constantly gaining popularity
and importance because of growing energy demand, environmental concerns, and, in some
conditions, financial profitability. The use of DG allows local energy production and thus it
decreases the losses in transmission lines. It is also increasingly flexible and reliable, and as
a result, the voltage profile is often improved [1,2].

However, increasing the volume of DG also arises new challenges for electrical power
system operations such as adequate protection methods, operational issues, power quality
issues, and one of the most critical, the problem of unintentional islanding. It is worth
noting that unintentional islanding, especially in the case of photovoltaic inverters, is an
issue that can be, and actually is, observed by end consumers/prosumers of distribution
systems operators. It is not an uncommon situation when a photovoltaic inverter in a rural
district [3], disconnected from the main grid, is not detecting off-grid operation due to the
high density of DG sources in the surroundings. Therefore, an island is spontaneously
created. In this environment, either every photovoltaic (PV) inverter should use an effective
islanding detection method or a system of islanding detection should be applied.

Detection of unintentional islanding is a mandatory condition for DG sources. Ac-
cording to [4,5], an island is formed when one or more DG sources, disconnected from
the utility system, remain operational. This can result in insufficient grounding, safety
hazards, and damage to electrical infrastructure. The IEEE 929-1988 standard [6] requires
disconnection of DG while in an islanding state. The IEEE 1547 standard [5] introduced a
required maximal islanding detection delay of 2 s. After detecting the islanding state, the
DG source should be turned off.
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In [7], criteria that should be considered for designing effective islanding detection
methods were proposed. The first assumed condition being that an islanding method
should be able to detect unintentional islanding in a wide range of operational conditions
and it should not operate incorrectly for non-islanding disturbances. Moreover, an island-
ing detection method should be low-cost, simple, and applicable to existing infrastructure.

There are numerous methods of islanding detection and they can be divided into three
main groups: passive, active, and communication-based. In this work, two approaches
are proposed and tested: the passive method that uses only one phasor measurement
unit (PMU) and a hybrid of a passive and communication-based method that uses two
PMUs. Laboratory results confirmed that both of the methods were able to detect the
islanding state. Distinguishing the islanding state from other events that can be observed
both from the main grid and from inside of a microgrid has been achieved by taking into
account the shape of the signal. The main contribution of this work is the validation of the
proposed, phasor-based, islanding detection methods in a microgrid built in a laboratory.
The laboratory environment is the closest emulation to an actual DG power system. Many
literature reports are based only on software simulations, and experiments in actual DG
are very restricted for obvious reasons.

Synchrophasor-based measurements provide highly accurate information about volt-
age and current in both the static and dynamic state of system operation. The islanding
state detection time of both proposed methods is shorter than 300 ms. The proposed
methods could be easily used with commercial PMUs but they could also be implemented
as a functionality within a PV inverter.

The paper is divided into six sections: Section 1 introduces the concept of islanding
detection. Section 2 provides a literature review of islanding detection methods. Section 3
describes synchrophasor measurements and phasor calculation as used in this paper.
Section 4 describes the laboratory setup and obtained results. Section 5 presents a proposed
methodology for islanding detection using synchrophasor data. Section 6 concludes
the work.

2. Islanding Detection Methods
2.1. Passive Methods

Methods of islanding detection that use information about voltage parameters at
the point of common coupling (PCC) are called passive methods [8-13]. If the change
of observed parameter exceeds the chosen threshold islanding is detected. For passive
methods, the main challenge is a correct selection of thresholds [14-16]. These methods are
popular because of their simplicity, and because they do not introduce any disturbances into
the grid. Unfortunately, if the monitored parameter change is insignificant, it is possible
that islanding would not be detected. The range of observed parameters for which the
islanding is not detectable is called the non-detection zone (NDZ) [5]. Figure 1 shows a
concept of the NDZ.
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Figure 1. Non-detection zone for over/under voltage (UOV) and over/under frequency (UOF)
passive islanding detection method. Based on ref. [7].
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One of the simplest and very popular methods is over/under voltage (UOV) and
over/under frequency (UOF). Others are the rate of change of frequency (ROCOF) which
is based on real power unbalance and rate of change of voltage (ROCOV) based on reactive
power mismatch [16]. In [17], a problem of the analytical formulation of the NDZ is
discussed. Additionally, the authors presented requirements for the inverters protection
system. In [18], new thresholds for islanding detection were proposed to minimize the
NDZ. In [19], a comparison of islanding for synchronous and inverter-based generations
was performed. The authors proposed a passive method based on the dynamic behavior of
a load for islanding detection which can discriminate islanding and non-islanding events
under the single DG and multiple DG systems. In [20], a method based on the concept of
the main bus is proposed. This method uses the voltage index to detect islanding operations
for large power mismatches.

2.2. Active Methods

Active methods are the answer to the problem of the NDZ. These methods are based
on monitoring the change of the chosen grid parameters after intentionally introduced
disturbance. Although these methods can have nearly zero NDZs, they can be very complex
and may cause power quality issues [21]. Dedicated active methods are used for specific
distributed sources connected to the PCC. In the case of photovoltaic inverters, a current
signal is injected into the grid, which causes a power mismatch in the system [19].

There are numerous active islanding detection methods. Some of them are phase
shift methods for the inverter-based DG’s [14,16], the slip mode frequency shift method
(SMS) [16], a reactive power export error detection, and an adaptive logic phase shift [21].

Recently, Murugesan et al. in [22] suggested a method based on d-axis current injection,
and in [23], he proposed a method based on g-axis current controller, which resulted in
an islanding detection time within 178 ms. In [24], a method based on the injection of
predefined patterns of small periodic step changes in the active power was introduced. A
method was developed assuming that multiple inverters are working in parallel inside a
microgrid. In [25], the authors proposed a feedback-based method that uses information
about a reference d-axis current and the active power output.

In [26], the authors introduced a method based on a frequency disturbance triggered
d-axis current injection scheme. An impedance-based parameter is formulated to check
the status of the microgrid operation. The islanding detection parameter is a function of
Thevenin’s impedance seen at the inverter DG terminals side.

2.3. Communication-Based Methods

The third group of methods operates on the basis of communication between the
DGs and the main grid [27,28]. Communication-based methods have zero NDZs, but they
are costly and they need integration of information from the islanded DG and main grid
operator. These methods use Power Line Communication (PLC) and Supervisory Control
and Data Acquisition (SCADA) systems.

In [29], an anti-islanding method based on the positive feedback control in the d-q
frame is proposed. In [30], a method based on wireless sensor networks is proposed. Data
including voltage phasors, frequency, and rate of change of frequency (ROCOF) were used.
The method was shown to be reliable and detection time was shorter than the required 2 s.

2.4. Synchrophasor Measurement-Based Methods

Another approach to islanding detection is based on synchrophasor measurement as
is proposed in [30-32]. These methods can be classified as passive or a hybrid of passive
and communication-based. It depends on the location of the measurement device with
respect to the island.

Recently, a number of phasor-based islanding detection methods were proposed.
In [33], a phaselet-based algorithm was introduced. Negative sequence phasor components
of voltage and current were employed to determine the islanding. A method proposed
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in [34] utilizes the phase angle between the positive sequence current and the voltage as
the main criterion for islanding. Another interesting approach was presented in [35] where
authors use parameters such as voltage, rate of change of voltage, frequency, rate of change
of frequency, voltage phase angle difference, and the rate of change of the voltage phase
angle difference between the utility and the islanded grid. In [7], an islanding detection
technique for inverter-based distributed generation based on local synchrophasors was
introduced. In this approach, the rate of change of voltage is monitored using a micro-PMU.

3. Synchrophasor Measurements

Synchrophasors are measured with PMUs, also called D-PMUs in the distribution
network, located across the network. Phasor data, i.e., phasor (in polar or Cartesian
coordinates), frequency, and ROCOF, are collected in real-time and are accurately time-
tagged. Figure 2 presents a PMU model.

GPS
1PSS

PLL
Modem

Filters ADC H CPU )—

Analog inputs

Figure 2. Phasor Measurement Unit model. Based on ref. [34].

The synchrophasor is a phasor representation of the sinusoidal signal.
The sinusoidal signal is determined by:

x(t) = a(t) cos(wot + 9(t)), M

where: a(t) is the time-varying amplitude, wg = 27f( is a nominal pulsation in rad/s, f¢ is a
nominal frequency in Hz, and ¢(t) is a time-varying phase in radians, the phasor is given
by [36]:
a(t)
£ = o) 2
i) =7 )
Figure 3 presents the convention of phasor representation.

x(0)

Y |m

p(O=(22) efo®

Figure 3. Convention of phasor representation. Based on ref. [36].

The phasor should be estimated 10, 25, or 50 times per second for nominal frequency
fo=50Hz.
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Time-varying (instantaneous) frequency fin of (1) is given by:

' _ 1 do(t)
fm(t)_fo—’_ﬂidt , 3)
and ROCOF is defined as
_ 1d%e(t) _ dfiu(t)
ROCOF(t) = - P TR 4)

There are many phasor calculation methods, which may vary in accuracy, susceptibil-
ity to disturbances, or response time. In this paper, a fully compliant method based on the
flat-top Finite Input Response (FIR) filters [37,38] is used.

Phasors were calculated with the use of the flat-top FIR filters [37] based on time
signals acquired at 0.1 MHz sampling frequency and next resampled to 800 Hz sampling
frequency.

The flat-top windows were cosine windows defined as [37]

M
L av[m]cos(mfn) -y ®)

0, otherwise

wm[n] =

where M is the window’s order and ap[m] are the coefficients of the M order window. The
window wy[n] (5) length is L = 2N + 1 and it is symmetrical:

wm[n] = wm([-n], (6)

Window coefficients used for phasor estimation were as follows: a5 = [1.004854;
2.007611; 1.917918; 1.451047; 0.666862; 0.130977]. Phasors were calculated in the time
interval equal to 10 periods of nominal frequency which was 200 ms and reported with
nominal 50 Hz frequency.

The algorithm of islanding detection, under evaluation, compared measurements
from the inside and the outside of the island, as it was proposed in [38]. Phasor data from
these measurements were compared to determine islanding conditions.

4. Laboratory Experiment, Setup, and Results
4.1. Laboratory Setup

The source of the power in the system in which the experiment was carried out was
a 30 kW synchronous generator, synchronized with the network in the laboratory. An
experiment was conducted in the electric machines laboratory in AGH-UST in Krakoéw,
Poland. The resistive load (Ry,a4) or inductive load (IM) was parallelly connected to the
laboratory system. The resistive load was a three-phase 6 kW resistor. The inductive load
was realized by an induction motor with a rated power of 7.5 kW. The induction motor
was loaded with a power of 6 kW, the load was realized with a DC generator. The general
view of the laboratory setup is shown in Figure 4.

The islanding in both load cases could be simulated for the same value of load power.
The laboratory setup schematic is shown in Figure 5.
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Figure 4. General view of the laboratory setup.
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Figure 5. Laboratory setup. SG—synchronous generator, EN—electricity network, IM—induction
motor, Ry ,q—resistive load, PQ—measurement of active and reactive power, PMU1, PMU1l—phasor
measurements units, PCC—a point of common coupling.

The entire process of measurements during the experiments required the following
sequence of actions:

1. synchronization of the synchronous generator with the network,
2. switching on the load,

3.  balancing the system,

4.  switching on the islanding of the system.

4.1.1. Synchronization of the Synchronous Generator with the Network

Figure 6 shows a diagram of the measuring system used to synchronize the generator
with the power network. The following instruments were used for manual synchronization
of the generator with the network: grid and generator voltage frequency meter (Hz), grid
and generator RMS voltage meter (V1, V2), and a voltmeter measuring the instantaneous
grid and generator voltage difference (V3).



Energies 2021, 14, 1953

7 of 17

S2
@ L 2 *
Generator Qrid
side side
. N || o ™ ]
QP QP
O,

Figure 6. Synchronization system.

By adjusting the excitation current of the generator, the voltage values indicated by
the voltmeters V1 (generator) and V2 (grid) were equalized. Voltmeter V3 measured the
instantaneous difference between the generator and grid voltages, resulting from the phase
shift of these voltages. Connecting the generator to the power network was done by the
S2 switch when the voltage difference dropped to zero. If the synchronization performed
was accurate, then active and reactive power flow between the generator and the network
would equal zero.

4.1.2. Switching on the Load

Ripaq (switch S4) or IM load (switch S3), was connected parallelly to the system,
depending on the variant of the experiment. Of most significance to the proper course of the
experiment, was the balancing of the power distribution in the system with connected loads.

4.1.3. Balancing the System

In the case of a resistive load, balancing of the system consisted of regulating the active
power of the synchronous generator so that it equaled the load power. Power regulation
was realized by varying the armature voltage of the DC motor driving the synchronous
generator. If the active power measured with the PQ meter at the power grid connection
point equaled zero, then the system could be considered balanced.

In the case of an inductive load (induction machine), full balancing of the system
required adjustment of both active and reactive power. Active power was regulated in the
same way as in the previous case. To balance reactive power in the system, the excitation
current of the synchronous generator was regulated. If both active and reactive power at
the grid connection point equaled zero, the system was considered balanced. Experiments
were carried out for three cases in each load variant:

e full balancing of the islanding system,
e the active power of the generator was slightly higher than the load power,
e the active power of the generator was slightly lower than the load power.

4.1.4. Switching on the Islanding of the System

The laboratory system was put into islanding by turning off the S1 switch, after
completing all the above activities in accordance with the assumptions of the case. Voltage
waveforms in the power network and islanding system were recorded simultaneously
using PMUs.

As a platform for building PMU functionality, the National Instruments cRIO-9024
platform was used, which is presented in Figure 7. cRIO-9024 is a real-time (RT) system
with a Field Programmable Gate Array (FPGA) module. The system used contained two
voltage and one current measurement module. The ADCs resolution was 24 bits and
sampling frequency was 10 kS/s.
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Figure 7. cRIO-9024 platform for the PMU implementation.

Voltage and current signals were measured synchronously, according to one of the
module’s oscillation clock. Figure 8 shows the block diagram of the measurement system
used. Measured data was transferred through the FIFO queue with direct memory access
to the RT System. Afterward, data was stored.

FPGA ::> RT System ':I> Data
DMA Storage
FIFO

frettt

Measurement
channels

Figure 8. Measurement system block diagram.

4.2. Results

Figure 9 shows voltages and currents measured in the three-phase laboratory system.

Three Phase Voltage

Figure 9. Measured three-phase voltage and current.

Table 1 presents the observed parameters for different system configurations, both
balanced and unbalanced. The “Unbalanced system +” case was when the power produced
by the generator was higher than the power consumed by the loads inside an island, and
the “Unbalanced system —“case was the opposite. i.e., when the power produced by the
generator was lower than the power consumed by the loads installed inside an island. The
results were the differences between the values measured with two PMUs, one installed
inside and one outside the island (respectively PMU1-PMU2). In this case, the hybrid of
the passive and communication-based methods was used. Amplitude deviation |AUI,
frequency deviation | Af |, and maximal value of ROCOF max{ | ROCOF |} while in the
islanding state were presented. The amplitude deviation AU and frequency deviation Af
were differences between the values at the point of islanding state occurrence t; and at
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t1 = tp + 200 ms. The maximal value of ROCOF was chosen from the time interval [¢(, 1].
As expected, frequency change | Af | was one order higher for the unbalanced system than
for the balanced system. Significant changes of | AU | and max{|ROCOEF |} were observed.

Table 1. Laboratory experiment results for PMU1-PMU?2.

IAUI (V) IAf | (Hz) Max{ I ROCOF |} (Hz/s)
Balanced System
Rioad 4.76 0.03 0.71
M 4.63 0.07 0.92
Unbalanced System +
Rioad 2.81 0.24 1.84
M 3.12 0.24 1.97
Unbalanced System —
Rioad 5.76 0.11 1.19
M 5.76 0.31 1.63

Table 2 presents observed parameters for different system configurations, both bal-
anced and unbalanced. The “Unbalanced system +” case was the same as presented in
Table 1. However, the results were measured with only one PMU installed inside the island
(PMU1). In this situation, the classical passive method was used. Amplitude deviation

AU, frequency deviation | Af |, and maximal value of ROCOF max{ | ROCOEF |} while
in the islanding state were presented. As previously, the amplitude deviation AU and the
frequency deviation Af were the differences between values at the point of islanding state
occurrence ty and at f1 = tg + 200 ms. The obtained results confirmed that max{| ROCOF | }
was more sensitive to the islanding state than other measured parameters. As expected,
frequency change | Af| was one order higher for the unbalanced system than for the
balanced system. This parameter can be a useful indicator of the islanding state. For
every tested case, | AU| parameter did not reach significant values. Measured values of
amplitude change were observed in the electrical grid during its normal operation. For
amplitude and frequency, the signal fluctuations caused by the islanding state were rela-
tively small. These changes could be easily identified as natural deviations in the electrical
system. At the same time, max{ | ROCOF |} increased three times in the islanding state.
Thus, max{ | ROCOEF |} was the most reliable indicator of the islanding state. No significant
difference in the performance of the parameters was observed between the operations with
both types of load.

Table 2. Laboratory experiment results for PMUT.

AUl (V) IAf1 (Hz) Max{| ROCOF |} (Hz/s)
Balanced System
Rioad 2.1 0.05 0.71
M 3.4 0.08 0.98
Unbalanced System +
Rioad 1.8 0.98 1.93
M 1.9 0.45 1.73
Unbalanced System —
Rioad 3.1 0.28 0.85
M 3.9 0.28 1.86

Figure 10 presents the islanding state of the balanced system with resistive load Rjgaq.
Figure 11 shows the islanding state of the balanced system with the induction motor IM
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as a load. Figures 10 and 11 present the differences in the parameters between the values
measured with the two installed PMUs: one inside and one outside the island (PMU1-
PMU2). Figures 10 and 11 that present the differences of PMU1-PMU?2, clearly show the
moment of islanding occurrence.

Voltage PMU1-PMU2

2o T
1
1

82 84 86 88 9 94 96 98 10

9.2
t(s)
Frequency PMU1-PMU2

f(Hz)

=]

82 84 86 88 9 92 94 96 98 10

ROCOF PMU1-PMU2

——ROCOF
.=t \Y)

'
T
' 0
1

ROCOF (Hz/s)
. =)

o=
[N)
®
»
®
o

8.8 9 92 94 96 98 10

t(s)

Figure 10. Voltage amplitude U, frequency f, and ROCOF while islanding of the balanced system
with Ryjy,q for PMU1-PMU2.
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o | ' =%
5 1
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N ‘ —t
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= | 0
0.1 t
72 74 76 78 8 82 84 86 88 9
t
g ; ROCOF PMU1-PMU2
= 1 -
e , ——-ROCOF/
8 |
O -1 !
& 72 74 76 78 8 82 84 86 88 9
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Figure 11. Voltage amplitude U, frequency f, and ROCOF while islanding of the balanced system
with IM for PMU1-PMU2.

The hybrid method uses special features of the PMU-based measurement system,
which was capable of comparing the two synchronously measured values in a reliable
manner. It allowed us to avoid misreading fluctuations of observed parameters that came
from the outside of the island with the actual islanding phenomenon. For comparison,
Figure 12 depicts the observed parameters using one PMU.

An interesting approach to deal with the problem of the NDZ when only one PMU
is used, like in a passive method, is the observation of shapes of all three characteristics.
Figure 12 shows that when the actual islanding state happens, all three parameters change.
Figure 13 shows a situation when at the beginning, both Rj,,4 and IM are operating
inside the island, and then, Rj,,q is disconnected in time ty. In this case only, |AUI is
changed significantly, and | Af | and max{| ROCOF |} deviation was relatively small or
even negligible. Figure 14 shows the event that comes from the outside of the island, from
the electric grid side.
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Figure 12. Voltage amplitude U, frequency f, and ROCOF while islanding for the balanced system

with IM for PMUI.
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Figure 13. Voltage amplitude U, frequency f, and ROCOF while R4 is disconnected in time t; for

PMUI1.
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Figure 14. Voltage amplitude U, frequency f, and ROCOF during system event for PMUT.

These figures show that a significant change was happening while the island was still
connected to the main grid. As the main grid stabilized the island, significant changes of
all parameters |AU I, | Af | and max{|ROCOF |} came back to their pre-event values.
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5. Synchrophasor-Based Islanding Detection Method
5.1. Algorithm

Taking the above observations into consideration, it was possible to develop an
algorithm for islanding state identification. Figure 15 shows the proposed algorithm’s
block diagram. The algorithm was divided into three steps of islanding state detection. The
first one compared | AU | and | Af | parameters with thresholds 71 and 7, respectively. The
second one compared the most significant parameter max{ | ROCOF | } with threshold 3.

Measuremet of
|AU), |A/], max{|ROCOF|}

max{|ROCOF|} > z;

[lAUI(to) =
[AU|(t,+200 ms)] > z,
Y

Islanding Non-islanding
state State or NDZ

Figure 15. Block diagram of shape-based islanding identification technique (71, T, a threshold for

minimal deviation of observed parameters, T3—a threshold for max{ | ROCOF |}, T4—the threshold
for a time of deviation).

In the last step, continuity of the voltage deviation was verified by comparing
I TAU I (tg) — AU (tg + 200 ms) | with 14 threshold. All thresholds should be chosen
for the specific island in a specific environment, after preliminary tests conducted before
connecting the island to the grid.

5.2. Thresholds

To choose thresholds, a set of simulation studies were performed. The simulation tests
were performed in the configuration of the system similar to the laboratory setup presented
in Figure 5. The power source connected to the system was a synchronous generator with
a power of 37 MW, which cooperated with the power grid to which a parallel energy load
was connected. A series of three simulations for different line impedance values and the
character of the energy receiver was conducted. In each series, the power of the receiver
varied from 5 MW to 100 MW.
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Figures 16-18 show the characteristics of the amplitude deviation | AU, frequency
deviation | Af | after islanding, and the maximal value of ROCOF max{ | ROCOF | } while
islanding in the function of active power P respectively.

1.025 [ , : Voltage PMU1

1.02 |

Tt 5 o
>
= 101
,/‘/
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Figure 16. Amplitude deviation | AU after islanding in the function of active power P for impedance

Z, = {0.025; 0.05; 0.2; 0.4} Q.
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Figure 17. Frequency deviation | Af | after islanding in the function of active power P for impedance
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Figure 18. Maximal value of ROCOF max{ | ROCOF | } while islanding in the function of active power
P state for impedance Z; = {0.025; 0.05; 0.2; 0.4} Q0.
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The value of active power P was a relation between the synchronous generator’s
power and the power of the receiver. Characteristics showed that different values of line
impedances Z; changed the values of the measured parameters. Impedance Z; = 0.025 ()
corresponded to the line impedance of the laboratory experiments.

In Figure 16, it is shown that for amplitude deviation | AU in a perfectly balanced
system the smallest observed change equaled 1.47% of the nominal value. Taking into
account simulation results along with the experimental results, thresholds 71 =1.15V (0.5%
of nominal value) and 74 = 1.15 V were chosen. The chosen value was lower than the
value of the smallest frequency deviation from simulations and higher than the voltage
change caused by the disconnection of Ryy,4 during laboratory experiments. It is shown in
Figure 13 that in considering voltage amplitude while Rj,,4 is disconnected from the grid,
the observed change equaled 1.1 V.

In Figure 17 it is shown that the smallest frequency deviation |Af | for a perfectly
balanced system was 0.07% of the nominal value. The smallest frequency deviation | Af |
acquired both from the laboratory experiment and simulation equaled 0.03 Hz (0.03%
of the nominal). That proved that frequency is the least valuable indicator of islanding.
Threshold 1, = 0.3 Hz (0.6 % of the nominal value), which is higher than the frequency
deviation, was chosen to avoid the misdetection of islanding creating a NDZ for frequency
deviation | Af 1.

In Figure 18, it is shown that the smallest maximal value of ROCOF max{ | ROCOF | }
while islanding for performed simulations was 1.62 Hz/s. Threshold 13 = 0.5 Hz/s was
chosen to be smaller than the smallest maximal value of ROCOF max{ | ROCOF | } while
islanding for performed simulations and laboratory experiments.

5.3. Results

Table 3 presents the first trip time, which was the time when one of the thresholds of
the proposed method using two PMUs was exceeded. In the second column, the detection
time is shown and in the third column, the condition 74 is checked. Times of the first trip
were smaller than 103 ms for all the cases.

Table 3. Times of islanding detection with the proposed method for PMU1-PMU2.

First Trip Time (ms) Verification 74

Balanced System

Rioad 86 Passed

™M 64 Passed
Unbalanced System +

Rioad 102 Passed

™M 33 Passed
Unbalanced System —

Rioad 73 Passed

™M 75 Passed

Table 4 presents the first trip time of the proposed method using one PMU. Times of
the first trip were smaller than 73 ms for all the cases.

In [33], a comprehensive and thorough comparison of different islanding detection
methods was presented. This comparison showed that for the most recent methods of
islanding detection [31-33], depending on the nature of the perturbations introduced,
detection time stayed in the range of 100 ms to 900 ms. Taking into account the times of the
first trip and remembering about the threshold 74 for all of the tested cases, the method
was able to detect islanding in times shorter than 300 ms.
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Table 4. Times of islanding detection with the proposed method for PMUT.

First Trip Time (ms) Verification 74

Balanced System

Rioad 65 Passed

™M 76 Passed
Unbalanced System +

Rioad 73 Passed

™M 29 Passed
Unbalanced System —

Rioad 73 Passed

™M 74 Passed

6. Conclusions

In this work, two types of islanding detection methods were tested: a passive method
that uses only one PMU device and a hybrid approach of a passive and communication-
based method that uses two PMUs. For both approaches, the conducted laboratory tests
proved that a PMU is a useful instrument for islanding detection.

A dedicated testing environment for islanding detection in a microgrid was built in
a laboratory that consisted of a synchronous generator, passive loads, and an induction
motor. This microgrid was synchronized with the power network in the laboratory. The
PMU was implemented in line with the National Instrument cRIO-9024 platform.

The hybrid method which uses two measurement points turns out to be more effective
than a purely passive approach. With the use of PMU1 and PMU2, the observed parameters
were clear indicators of the islanding incidence.

Nevertheless, two measurement points create higher operating costs, and like in
any other communication-based method, they need cooperation with the distribution
grid operator.

In the case of the passive approach, the tests showed that the best method for islanding
detection is a simultaneous observation of phasor, frequency, and ROCOF. Distinguishing
the islanding state from other events, that can be observed both from the main grid and
from the inside of an island, has been achieved by taking into consideration the shape of
the signal.

A critical point of anti-islanding protection in a microgrid scale is the fast detection of
the main grid loss. For the presented test criteria, the maximal islanding detection delay;,
for both approaches, is shorter than 300 ms.
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