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Anti-Islanding Protection of PV-based Microgrids
Consisting of PHEVs using SVMs

Hamid Reza Baghaee, Member, IEEE, Dragan Mlakié, Student Member, IEEE, Srete Nikolovski Senior
Member, IEEE, and Tomislav Dragicevié¢, Senior Member, IEEE,

Abstract—The cheap and reliable primal energy source for NOMENCLATURE
BESS refueling necessitates a special attention for combining Abbreviations/Acronyms
RERs with PHEV charging stations in microgrids. Rapid charg- AC Alternating Current
ing is an operation mode of PHEYV for drivers which demands ADF Active Frequency Drift
fast recharging of BESSs of the electric cars. This charging mode ADN Active Distribution Networks
manifests as low impedance short circuit at DC side, making . .
power transient on power grid side. This paper presents a new Al AI'tlﬁC.lal Intelligence
anti-islanding protection scheme for LV VSC-based microgrids ANFIS Adaptive Neuro-Fuzzy Inference System
by exploiting SVMs. The proposed anti-islanding protection ANN Artificial Neural Networks
method exploits powerful classification capability of SVMs. The APS Automatic Phase Shift
sensor monitors seven inputs measured at the PCC, namely BESS Battery energy storage system

RMS value of voltage and current (RM Sy, RMSr), THD of

voltage and current (T"H Dy, T HDy), frequency (f), and also CB Ci.rcuit Breaker
active and reactive powers (P, Q). This approach is based on DC Direct Current
passive monitoring and therefore, it does not affect the PQ. In DG Distributed Generation
order to cover as many situations as possible, minimize false DER Distributed Energy Resources
tripp.ing anfi remain selective, training and detection .procedures DN Distribution Network
are simply introduced. Based on the presented sampling method DSP Digital Sienal P .
and input model, the proposed method is tested under different 1g1ta. 1gn.a rocessing
conditions such as PHEV rapid charging, additional load change DT Detection Time
and multiple DGs at the same PCC. Simulations based on the ESS Energy Storage System
model and parameters of a real-life practical PV power plant EV Electric Vehicles
are performed in MATLAB/Simulink environment, and several FC Fuel Cell
tests are executed based on different scenarios and compared FL F Logi
with previously-reported techniques, this analysis proved the uzzy oglc.
effectiveness, authenticity, selectivity, accuracy and precision of FDZ Fault Detection Zone
the proposed method with allowable impact on PQ according to FIFO First In First Out
UL1741 standard, and its superiority over other methods. FPGA Field Programmable Gate Array
HMI Human Machine Interface
Index T Anti-islandi tecti distributed IED Intelligent Electronic Device
, cpdex Jerms—ARURISANCIng proteclio, Cistibued generas IGBT Insulated Gate Bipolar Transistor
tion, microgrid, photovoltaic, plug-in hybrid electric vehicles,
power quality, support vector machine. LV Low-Voltage
ML Machine Learning
MPPT Maximum Power Point Tracking
NDZ Non-Detection Zone
PCC Point of Common Coupling

PFNN Probabilistic Fuzzy Neural Network
PHEV Plug-in hybrid electric vehicles

PQ Power Quality
PV Photovoltaic
) ) ) PWM Pulse Width Modulation
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Variable/Parameter
System frequency
Active power
Reactive Power
RMS value of current
RMS value of voltage
THD of current
THD of voltage
Active/Reactive Components of Energy
Consumed by RLC Load in
Synchronized Mode of DG and DN
Active/Reactive Powers of Load
During Charging Scenario
Active/Reactive Powers Generated by PV
Unit Delivered at the Output of VSC
Active and Reactive Energy
Delivered to DN
The Integration Period
Number of the observed parameters
Kernel binary classifier of the predicted
label for z’

2

I. INTRODUCTION

NTI -islanding protection method implemented into the
inverter is one of key factors in PQ of VSC-based LV
distribution networks (DNs) and microgrids including DERs
and ESSs (in this paper, a PV power plant located in Jajce,
Bosnia and Herzegovina (Fig. [I))). According to IEEE Std.
1547 [1f, DG shall detect the situation for any possible
islanding conditions and cease to energize the area within 2
sec. for small voltage and frequency signal variations. When
islanding occurs, the main concerns are the potential danger
for human safety, electrical equipment fault possibility, and the
consequent PQ issues regarding DG autonomous operation [2].
Generally, the islanding detection strategies can be classi-
fied into local and remote (communication-based) categories.
Communication-based islanding detection techniques cover
the most of NDZs using communication technologies, by
confirming distribution network CB is out of state to prevent
islanding [3]]. The cost of equipment and moreover, reconfigu-
ration of settings every time when new component is added or
taken from grid, are the major drawbacks of these methods.

Kernel function that makes segregation between The local islanding detection methods work based on local

pair of inputs x

Kernel dimension and sum ranges over all
of them with y;

Weight for training samples

A function determining sign of function yg
which may be positive or negative

Input vector

Measured data stack for classification
Kernel scale parameter

Normal vector orthogonal on hyperplane
Euclidean space

Quality factor

Nominal distribution network voltage
Installed power capacity of DG

Index rate for accuracy

Number of active and passive methods
used in this paper

Index rate for NDZ

Number of active techniques used in method
Constant of active techniques

Number of passive techniques used here
Constant of passive techniques

measurement of grid signals and include active, passive and
hybrid techniques. Relying on latter approach, we introduce
a new class of local islanding detection strategies based on
Al and ML in our past and future works [4]. Recently, ML
algorithms have been used for analyzing grid signals.

The methods based on active entanglement and passive
monitoring are localized algorithms for recognizing islanding
mode which are working based on tracking and/or changing
particular parameters of DN such as voltage [3|], reactive power
[5]], frequency [6]]. By injecting the disturbances into DN at the
PCC and tracking down the response of DN, the active meth-
ods tend to make the most negative impact to PQ and thus they
have. So they have limited applications. The active methods
have much smaller NDZ than the passive techniques that only
monitor a particular parameter. However, some methods tend
to become more optimized by minimizing NDZ [7]], [8]l. At
the first look, this may appear as a disadvantage. However,
there are some active methods (like [9]]) that are actually
optimized in terms of more than one parameter (e.g. [9] that is
optimized in both terms of NDZ and FDZ). There are recently
published works e.g. [9]], [10], where active methods have been
efficiently used for anti-islanding protection of DERs under
high-penetration levels and weak grid conditions to address
some of the mentioned concerns. Some of the most popular
active methods are-high frequency signal injection [S]], [11]],
AFD [12], improved AFD [13], SES) 6], [7]I, [14], [15], fuzzy
SES [16], APS [17], SMFES [18], [19], impedance measure-
ment [20], singular and dual harmonic current injections [21]—
[23]], high frequency signal injection [24]|—[29], output power
variations [30f], reactive power variation and control [31]-[34],
and active current disturbance [35[]. Other, worth noted active
anti-islanding schemes are presented in [32], [36]], [37].

Passive-based methods track the trends of some parameters
in the PCC cyclically and then compare the sampled values
with a predefined threshold. Depending on the quantity and
quality of the followed parameter, these methods not only tend
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to have the biggest NDZ, but also minimal impact to PQ. Some
of the most popular passive techniques are under/over voltage,
under/over frequency [38]], rate of change of frequency [39],
[40], phase jump detection [41]], rate of change of frequency
with power [42], rate of change of power with THD [43],
voltage unbalance and THD of current signal [44], voltage and
power factor change [45]], energy mismatch for the harmonics
etc. [46], ROCPAD [47], rate of change of reactive power [2],
and rate of change of independence [8]]. These methods do not
have any negative impact on the grid operation, but they are
characterized by larger NDZ than active methods. To decrease
NDZ of the passive methods, advanced signal processing tools
such as Duffing oscillations [48]], wavelet transforms and S-
Transform [49]], are exploited.

Hybrid methods combine new groups of anti-islanding
protection methodologies to take the advantage and leave out
the shortages of passive and active methods into one localized
islanding protection scheme [[11f], [SO0]. At the first look, it
seems that the NDZ is mostly covered by active techniques,
but new obstacles arrive when more parameters are involved
by combining them with passive techniques. The PQ problems
may be raised including but not limited to frequency deviation,
voltage fluctuation, harmonics and power factor instability.

The more updated category of local islanding detection
methods are smart techniques based on Al techniques. Differ-
ent methods have been reported based on ANNs [5S]], ANFIS
[41], 161, [8], or FL [51]], relevance vector machine [52]], PENN
[53]], logistic regression [54], and some other combined with
active and passive techniques [16]]. The PHEV charging can be
differentiated by some tools like ANNSs, but in this paper, we
propose a complete algorithm based on one Al technique for
islanding detection, and its discrimination with PHEV rapid
charging. It can be easily retrained and maintained.

This paper presents two new basic contributions combined
into one unified framework: 1) anti-islanding protection based
on SVMs, and 2) participation of PHEV charging stations
in LV-DN which can affect the performance of the anti-
islanding protection scheme (Fig. [2). The basic contribution
of this paper is anti-islanding protection of microgrid using
SVMs. However, the second item of the contribution is not
dealing only with investigation of the effect of the PHEV on
micorigrd. The second contribution is the successful operation
of the proposed anti-islanding strategy or discrimination of
unplanned islanding with rapid charging of PHEV.

The basic motivation of this research beside interconnection
of DG units into the grid, is investigation of the effect
of PHEV rapid charging on LV-DN as a huge load with
small resistance which can make an unexpected transient in
microgrid. In this paper, the recognition capability of SVM
(which is one of the newest and most prominent ML-based
classification techniques) is exploited to make the presented
anti-islanding protection method attractive for LV-DNs and
microgrids. More importantly, the idea of the paper has
enough generality to be applied for all generic microgrids. We
evaluated the performance of the proposed strategy for several
scenarios such as UL1741 standard test conditions, additional
load injection, multiple DG cases, and PHEV charging. We
also, compared the proposed method with several reported

3

techniques to prove its efficiency, authenticity, accuracy, and
operation speed. By reviewing Section [[V| (Simulation results)
we can understand that the proposed method has enough level
of generality to be applied for all kinds of generic microgrids.
The database which has been used for the training algorithm,
has been gathered based on experimental measurement (using
IED shown in Fig. in a real-life PV plant located in
Jajce, Bosnia and Herzegovina (Fig. [T). Moreover, this paper
introduces a new approach for pre-processing of the input
data set into an AI/ML-based classification algorithm used for
anti-islanding protection in a microgrid including PHEV. In
fact, SVM performs as a dual-functional classifier to classify
islanding and grid-connected modes, and discriminate them
with rapid charging of situation PHEV. To the best of authors’
knowledge, this paper is the pioneer for proposing SVM as a
dual-functional classifier to realize these objectives. The cross-
validation for over-fitting protection is included by means of
a default Gaussian function.

The remainder of this paper is organized to cover the
mentioned theme and realize design objectives as follows:
Section [II| elaborates on description of the study system and
sampling model for acquiring data for data stack which is the
input for SVM training and anomaly classification. Section [II|
presents proposed islanding detection method. Verification of
the performance and viability of the proposed anti-islanding
protection scheme, based on offline digital time-domain sim-
ulations and comparison with other reported techniques are
presented in section Finally, conclusions are stated in
section [V]

II. STUDY SYSTEM

This section presents the sampling model used to feed
algorithms with new data required for prediction procedure.
It is known that when samples are enough small in time scale,
the data processing and analysis are conducted much more
comfortable to be achieved. These samples are essential bases
for right conclusion about the analyzed issues.

Fig. [2| shows the study system including a 20 kW PV
unit as a DG, an external RLC impedance for voltage and
current adjustment in a 0.4 kV LV-DN, a parallel RLC load,
and a BESS with 129 Ah capacity. The roof fixed PV acts
as a constant current source with 300 V DC voltage at the
inverter input. The 1Soltech 1STH-215-P PV strings with
specifications given in Table |II| are set at the MPPT mode with
MPPT characteristics discussed in [55]], for solar irradiance of
1000 kW /m? and outside panel temperature of 25 °C. The
DC/AC inverter is modeled as a 6 pulses IGBT-based VSC,
with PWM generator, that takes the reference signals from
frequency and amplitude controllers. The DG unit is connected
to LV-DN at the PCC through CB. A RL impedance is used
to model the internal impedance of DN power source. When
islanding is detected at the PCC, the CB isolates the DG unit
from DN. The ESS is modeled based on information provided
in Table [l which have been extracted almost from [56]]. From
Fig. 2] the energy consumed by the load and ESS is the sum
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Fig. 1. Elements of PV power Plant and connection to DN: @PV panels on
rooftop with installed power of 23.8 kW, @ AC cabinet on concrete pillar
with measurement and protection equipment, AC and DC cabinet and
inverters 2x 10 kW, smart meter with line breaker, [(¢)] smart UPS, and
line breaker.

TABLE I
CHARGING STATION PARAMETERS
Parameters Values
Input Parameters
Grid configuration 3 phase
Grid voltage 0.4 kV
Grid frequency 50 Hz
ESS charging current 100 A
Prss 200 kW
Vbatt 380 V
Lpatt 2 mH
Rpatt 0.0175 ©
ESS capacity 10 kWh
SoC 50%
ESS activation time 0.1 sec.
QF 5

Output Parameters (Charging mode)

PES.S‘fcharqinq 1.2 MW
Lrect 0.48 mH
Ron 0.01 ©2

of the energy delivered from the grid and the energy generated
by DG source is given by:

Proaa + jQLoad + PCharge + jQCharge = e
Ppy +jQpv + AP + AQ

Note that Popgrge and Qcharge are different in two scenarios:
charging of ESS and rapid charging of PHEV. There are a
huge difference between the values of power in these two
cases. In this paper, we propose a new strategy based on SVM
for anti-islanding protection in a microgrid including PV unit
and PHEV. We study the operation of the microgird based
on the experimental measurement of some signals practically,
and then, simulate the proposed islanding detection strategy
not only for islanding detection, but also for discrimination
of islanding phenomenon with rapid charging of PHEV. The
microgird can operate in islanding and grid-connected modes.
But, our proposed strategy aims to detect unintentional island-
ing phenomenon. When microgrid is connected to the main
grid, it looses its micro part if considering bidirectionality
of power. That is due to ESS nature of constant motivation
to be 100% SOC. The energy is unidirectional from main
grid to PHEV microgrid. Scheme of PHEV recharging station
is simplified due to theme of this paper Anti-Islanding
Protection”, but it executes its part.

In this paper, samples are acquired by custom-made impro-
vised electronic device (IED) in role of a network analyzer
which takes role of voltage and current measurement device.
Fig. [ shows the equipment for on-site measurement of voltage
and current in PCC for PV plant and DN. The measurement
device, shown in Fig. |3|, is a network meter including a current
measurement transformers model No. ENTES ENT.B 75/5 A
in combination with TA12-100 5A, voltage transformer model
No. ZMPT101B, and Arduino UNO board R3. The software
for data storage is programmed using Java programming
language. The details of IED have been provided in [4], [55],
[57]. Reduction of the DT and NDZ are the most important
goals of current research to achieve a high level of accuracy
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Fig. 2. Single line diagram of test system based on a real-life practical microgrid.

Voltage Transformer ZMPT101B

ENC28160 network Module

Arduino Uno R3 board

ZyXEL 300 mbps

Fig. 3. Details of IED assembled for on-site measurement at PCC.

TABLE 11
1SOLTECH PV PANEL SPECIFICATION

Solar Panel Specifications
PV Model at STC
Standard test conditions

1Soltech STH-215-P
1000 W/m2, 25 C

Maximum voltage 290 V
Maximum current 735 A
Maximum power 213.15 W
Number of cells in series 60

Short circuit current 7.84 A
Open circuit voltage 363V

A. PHEV Charging Station

Fig. ] shows the block diagram of the recharging strategy
and voltage control model that has been proposed by [56],
[58]]. A bidirectional buck-boost converter is used as the
interface between the EV battery and the battery of the charger
and the control scheme of Fig. dis applied to this converter. In

Current Transformer TA12-100

Laptop HMI for Java Programming

S earem————_— R Rl

B s

R i el 8.

- ———n

fact, this is controller for battery charging and voltage stability
in battery and also overcharging controller for battery bank.
This recharging controller takes the grid effective voltage as
its input for recharging controller. In this way, the amplitude
of the voltage will stay same as the case of rapid charging.
The parameters of BESS and rectifier are taken from [56], [58]]
and presented in Tables [[TI] and respectively. It should be
noted that some of these parameters are custom taken from
authors of paper according to the testing model.

The BESS is implemented in role of charging station ESS so
that it can accumulate the energy for PHEV customer. In this
way, the energy for rapid charging is ready for reclaiming with
minimal load on grid at the moment of charging. The rectifier
is in charge of adapting distribution LV grid and DC side of the
BESS. In case that we have no PHEV charging, the rectifier
recharges the BESS and supplies a part of load during charging
scenario. The active impedance of PHEV in charging scenario

1949-3053 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2019.2924290, IEEE

Transactions on Smart Grid

IEEE TRANSACTIONS ON SMART GRID, VOL. XX, NO. XX, JUNE 2019

‘/gef PI Mey
at
+y Control + X Shuck
Upat I » X W Sboost
Vdec—» =

Fig. 4. Constant voltage strategy recharging control [56].

TABLE III
PARAMETERS OF BESS IN CHARGING STATION [[56]], [58]].
Parameter Value
Nominal voltage [V] 100
Rated capacity [Ah] 129

SOC [%] 50

Battery response time [sec.] 0.2
Nominal discharge current [A] 5608
Internal resistance [€2] 0.007

TABLE IV

PARAMETERS OF THE RECTIFIER [56]], [58].
Parameter Value
Resistance [€2] 0.001
Inductance [H] 0
Nominal line voltage [RM Sy ] 390
Source frequency [Hz] 50
DC bus capacitance [F] 0.0075

is 0.01 €. On account of the fact that a very small resistance
of DC grid affects the LV-DN to be seemed as almost short
circuit, the islanding detection strategy shall recognize the
rapid charging of PHEV as non-islanding scenario and give
no signal to protection relay and CB considering the nature of
the event. The complete model is depicted in Fig. 2] which has
PHEV charging station. Note that representation of electrical
vehicle is not presented on scheme on Fig. [2| because rapid
charging is simulated via small inner resistance of vehicle bat-
tery bank system. Therefore, vehicle is presented as simulation
part only as rapid charging part. In this paper, PHEV is not the
primary consideration of authors and therefore, any strategy of
vehicle charging service, scheduling charging, rapid or regular
charging, pricing, energy cost, PHEV power management, and
loses in charging process are not discussed in paper. Islanding
during charging is considered as a scenario in Section
Note that in this paper, we will not investigate the optimal
power management of microgrid including PV ad PHEV. We
just investigate the effect of the PHEV on the performance of
the proposed anti-islanding strategy.

Fast charging algorithm for the battery can be represented
by the fast current pulse, which is followed by a continuous
reduction of the charging current as dictated by the battery
charging algorithm. Since the most meaningful part for our
detection strategy is the initial current pulse, this is the only
part that we have modeled. It should also be noted that
modeling the whole charging procedure would not provide
any additional advantages. Therefore, we decided to avoid it.

Also, charging algorithm for PHEV is explained in [59]].

The next important issue is the definition of simulation
integration time step. As proposed in [56], to achieve good
results, integration period should have at least 100 samples
in the period of fast frequency of inverter switching. In this
paper, f = 10000 Hz is considered as the fastest frequency
for inverter switching frequency. Thus, the integration period
is calculated as:

1sec.

T, = — 5 _qsec.
10000 x 100 H%¢¢

2

B. Sampling Model and Data Pre-processing

The required samples for SVM training are acquired by
experimental measurement device at the PCC of a real-
life practical PV plant (Fig. [I). The measurement device,
shown in Fig. 3] is a network meter including a current
measurement transformers model No. ENTES ENT.B 75/5
A in combination with TA12-100 SA, voltage transformer
model No. ZMPT101B, and Arduino UNO board R3. In this
paper, samples are acquired by using a custom-made IED as a
network analyzer which plays the role of voltage and current
measurement devices. This figure shows the equipment for on-
site measurement of voltage and current in the PCC of PV and
include a brief closed view of IED with its components such
as Wi-Fi modem and router, HMI in laptop, Arduino UNO R3
motherboard, preferal sensors, and connecting wires. The soft-
ware for data storage is programmed using Java programming
language. In hardware, we used standard PC RAM memory
based on DDR4-2133 modules for data storage software in
stack is standard Java variable “double” and then, processed
further to MATLAB/Simulink via software port. The details of
IED have been provided in [57]]. The rate of sampling defines
the quality of classification of the input data which further
defines the effectiveness of the proposed method. Reducing the
DT and NDZ are the most important goals of current research
as well as achieving high accuracy, assuming that the sampling
time is chosen considering anomaly signal behavior, where all
7 signals behave according to grid conditions. The signals are
sampled in time window of 5 msec. where this behavior is
segmented in 8 samples.

There are 8 samples and whole signal data stack has 40
msec. duration. Therefore, the signal noises are ignored in
case they are shorter than 5 msec. and are taken into account
as signal behavior if they last between 5 to 40 msec. The de-
scribed sampling approach is depicted in Fig. [5] The sampling
time, and number of samples in one data stack increases the
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TABLE V
SIGNAL AND SAMPLING DETAILS
Sampling A Data Stack Data stack
. . mount -
Signal time of Samples Sample time  frequency
(sec.) P (sec.) (Hz)
RMSy, RM Sy,
THDy, THDy,
f, Pa. Pg 0.005 8 0.04 200

selectiveness of the proposed sampling method. Consequently,
with more selectiveness, the growing NDZ comes. Reduction
of NDZ requires involving different signals affected by is-
landing state. When selectiveness is high, the method tends to
loose generalization over the input data which leads to avoid
recognizing islanding operating mode of DG unit. To minimize
NDZ and maximize accuracy, an optimal relation (trade-off)
should be made between selectiveness and generalization. In
this favor, high number of testing samples are required. This
paper proposes a novel method holds on passive nature of
islanding detection by monitoring seven parameters of DN,
each responsible for one energy quality parameter. These
signals are RM Sy, RMS;, THDy, THD;, f, Pg, and
Q¢ These seven signals cover the most of islanding affected
anomalies and therefore, they all are important to accurate
detect islanding of DG unit. It is very hard to detect the
islanding phenomenon when there is no RM Sy change in
islanding scenario, so there should be more signals included
in detection process. Also, there is a same story with other
signals such as T'H Dy and T'H D7 and therefore, more signals
are included intending to achieve to the goal of minimizing
NDZ and maximizing accuracy in islanding detection and its
discrimination with rapid charging of PHEV. With all seven
signals involved in islanding detection, the proposed method
minimizes the NDZ. The sampling data sequence of 8 samples
is stored in data stack with operating regime of FIFO. Every
new sample is placed on top of data stack and oldest one is
pushed out of stack, keeping data stack fresh and up to date
for timely detection. The data stack is the input data block
for training of SVM algorithm for all seven parameters, and
further for discriminating islanding and PHEV rapid charging
conditions. The details of signals, sampling rate, and sampling
time are presented in Fig. [5] and Table [V] Fig. [5 depicts the
sampling rate where each signal is sampled 4 times in one
waveform period of 20 msec. Every 5 msec., one sample is
taken for all 7 signals and stored in signal data stack for input
data packaging for SVM controller.

For the cost of implementation of the proposed strategy, it
should be noted that the proposed method does ot necessitate
any extra measuring device for the system ad all required
signal can be measured by using the commercially-available
meters that are usually installed on the microgrid PCCs. Also,
the SVM blocks can be easily implemented on low-cost high-
performance FPGA or DSP devices.

III. PROPOSED ISLANDING DETECTION AND GRID FAULT
DETECTION STRATEGIES

SVM is a discriminating classifier which is formally defined
by a separating hyperplane. In other words, given a labeled
training data (supervised learning), the algorithm outputs an
optimal hyperplane which categorizes new examples. In a
two-dimensional space, this hyperplane is a line dividing a
plane into two parts where each class lays in either side. This
can be very much complex goal to achieve data needed to
discriminated into two sets [60].

A. Basic Concepts

The proposed method is heavily based on the principle
that "Minimizing of NDZ require involving more signals in
detection procedure with their deviation during occurrence
of anomaly”. These signals are frequency (f), active power
(p), reactive power (), RMS value of current (RM Sy), RMS
value of voltage (RM Sy ), THD of curent (T'"H Dy), and THD
of voltage (I'H Dv/).

Whole system for discrimination and detection is assem-
bled by using previously-mentioned SVM-based islanding
detection module of the proposed algorithms. The detection,
classification and prediction functions of SVM are combined
into one “if” loop for final output. These SVM algorithms
for particular signals automatically predict based on input
data stack provided by IED-network analyzer recorded data.
Information for all signals is solely based on two measured
values namely voltage on all three LV phases and current on
all three phases.

For calculating the f, since IED sends data constantly to
Java software, the software clock is set up to receive data
by 1 msec. which give us the access to calculate the current.
The data taken from IED to Java program are used for signal
calculation according to the below formulas for respected
signal. It is taken for the physical model of system simulated
in Matlab/Simulink software environment. All recorded data
are used for accurate modeling as much as possible in software
tool. After that, the model is used for proposed method training
and testing. Every 1 msec., one measured point in the voltage
and current signals are transmitted. The input data stack for
SVM classification needs a 5 msec. sample. Therefore, in one
cycle of the waveform, we have 4 samples in 20 msec. Every
sample block has 5 samples in a 1 msec. time window. If we
compare the peak values of current and voltage, we will find
out how much current delays (lags) after voltage or vice versa.
That gives us access to divide impedance into inductive and
resistivity component. Every signal is served by one specific
SVM module for its related signal. The pre-processing of
the sampled signal is done in the form of FIFO stack and
packed into input data which is the input for SVM module.
Based on the input data deck, the SVM module produces a
predicted classification output for a given deck. Fig. [6] depicts
the sampling architecture for one of seven signals with SVM
at the end of the block.

The entire of the proposed anti-islanding protection algo-
rithm is illustrated in Fig.
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Fig. 5. The proposed signal sampling method affected by the grid states.
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Fig. 6. The proposed sampling architecture for a specific signal.

B. SVM-based Islanding Detection

SVM is essentially a supervised machine learning algorithm
which can be used for many different challenges involving
classification or regression of a given data set. Due to its
nature, SVM is almost used for classification problems so that
one data set differs from another one using some hyperplane.
Visual and logical representation of SVM is plot of each data
item as a point in n-dimensional space with the value of each
feature fits the value of a particular coordinate in n-space.
Then, the classification is performed by finding the hyperplane
that differentiate two classes to given satisfaction level (Fig.
B

In this paper, the differential classes are two situations:
islanding mode happened or not happened in DN. The block
used for SVM training contains 8 values, which means that
SVM kernel level is 8, and further means that the de-
signed SVM-based algorithm performs classification in a 8-
dimensional space. The hyperplane in R™ is an n-1 dimen-
sional subspace. Consistent to this idea, it can be concluded
that the current value of n is 8 and the hyperplane for it
is a 7-dimensional subspace. Also another priority task for
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successfully classify two sets of data is margin. The reason for
choosing large margins is to avoid high probability of miss-
classification of input data. however, it will not result in FDZ
at all and as we show in the simulation results (Section [[V])),
the NDZ is minimized compared to the most of the well-
known reported Al-based techniques, keeping the accuracy at
the highest possible level i.e. 100%. Choosing large margin
ensures clear and visible distinction between input data, while
with large margin, when training data allows, there is a clear
boundary between one data set and other one so that we have
good discrimination between those two goals for effective
SVM method. Large margin helps the proposed method by
preventing mis-classification of input data. Sole kernel is not
enough for that role because it does not gives any gap between
two data sets and therefore does not provide clear security
from mis-classification.

Prior to the margin definition, the SVM first chooses right
hyperplane. The right hyperplane indirectly defines the margin.
Choosing right kernel needs to be done respectfully to all input
signals namely RM Sy, RM Sy, THDy, THDy, f, Pg, and
Q¢ Even kernel level is 8, there might be need to do kernel
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SVM RMSy, SVM THD, SVM THDy Fig. 8. General representation of classification hyperplane in SVM algorithm.
v
Output Calculation of Islanding:
SVM [, SVM_P,SVM_Q, SVM_RMS;, (3) satisfies the classification based on input data. The input
NO SVM_RMSy; SVM_THD;, SVM_THDy data set is shown in Figs. 0] and [T0} All of the mentioned

figures present the same input signal and the only difference
is dimension of input string. While it is impossible to present
up to dimension 8, Fig. 0] shows the input data string up to its
third dimension.

Islanding Deck Fill

v

Deck Serving to 51 T T T T T T
Calculation

w
S

b4
Output Calculation of Islanding:

SVM [, SVM_P,SVM_Q, SVM_RMS; SVM_RMS;;
SVM THD; SVM_THDy

_r

B

3
T
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*H ~
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-

=
T
1

All Signals together
IF (F & P& O & RMS; & RMSy & THD; & THDy)=TRUE

N
w

0 10 20 30 40 50 60
Time [ms]
YES Fig. 9. Frequency input stream’s one dimension input data.
h 4
Islanding Mode In Figs. [0 and [0} the data is presented and limited to the
frequency. The same illustration can be done for all other

remained six signals. From these figures, the data positioning
is clear: most of the normal operation states of the grid is
clustered around 50 Hz on all three dimensions. Therefore,
segregation between normal and islanding distribution grid
operation mode is submitted to global maximum of 50 Hz.
The best description with Gaussian function and with the

Fig. 7. Overview and block diagram of the proposed method. . .
£ & prop arguments suitable for frequency case is chosen as [60]:

trick which is a sub-task to select right hyperplane. The kernel K (z, x,) - e(*V(W*ff/ %) 4)
is defined as [60]:
, ’ N , where, x € X:50, 50, 50, 50, 50, 50, 50 is input vector
y = SZQH(Z wiyik(zi, 2 )) (3)  of dimension 8, v is used to divide all elements in kernel
i=1

Gram matrix. Determination of -y is left to the software since it
where, k : X — =z, In this paper, IV is 8 if the expression is done by random number generation machine but involving
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Fig. 10. The input data string: [@)] 2D input data, and [()] 3D input data.

optimal solution based on training samples. The hyperplane
that can be described according to Fig. [§]is given by:

TT—b=0 5

where, w is a unit vector for corresponding Euclidean space
R", and x is given data set for one situation. Thus, from @),
the margins can be described as follows:

for all situations above hyperplane

U7 —b=-1 (6)
for all situations below hyperplane
WT -b=1 ()

if z =21, x9, T3, ..., Ty, then the distance from x to hyperplane
is:

k_?ﬁ—b ®
= —
and in Cartesian form, we have
|]€|: |LU1{IJ1 +OJ2$2+...+OJn.’L‘n| ©)
w
In our case, n = 8. So, we have
|I€|: \wlml —+ woxo + ... + wsTs ‘ (10)

Vw?+ w4+ wd

This equation can be solved in different ways; one of them
is optimization where w and b are searched as subject to:

vz —b0) > 1i=1,2,..,8 (11)

The Optimization calculations are conducted via software tool
for all 7 signals according to training data stack. In this way,
using heuristic algorithms are useful [61]-[63]. After training,

the output training results for all 7 signals are presented in
Table [VIl Note that:

e 0:0 - 8 means 8 recorded cases in testing situations of
not Observed and not predicted,

e 0:1 - 1 means 1 recorded case of testing situation where
not observed and predicted situation,

10

Frequency [Hz]

46 48
46

Frequency [Hz] 44 Frequency [Hz]

(b)

e 1:0 - 0 means 0 recorded case of testing situation where
observed and not predicted situation, and

e 1:1 - 45 means 45 recorded cases where is observed and
predicted present

The data feed for particular SVM algorithm and its positioning
is depicted in Fig. [TT]

Input Data Deck Islanding Detection

SVM Block
f DATA_DECK /. SVM
P_DATA_DECK P SVM
Q_DATA_DECK 0 SVM
RMS,_DATA_DECK RMS;_SVM —-
RMS,_DATA_DECK RMS, SVM
THD, DATA_DECK THD; SVM
THDy_DATA_DECK THDy, SVM

Fig. 11. Data set to feed SVM classification module for islanding detection.

Also, for better illustration of the mentioned concepts, Fig.
[12] shows the behavior of RMS;, RM Sy, THD;, TH Dy,
P, @ and f, after islanding. There is no huge difference
between those two sets, therefore, we need to discriminate
two sets of data for islanding and PHEV rapid charging. The
SVM is trained as a two-part system so that one part detects
islanding phenomenon and other detect PHEV rapid charging.
So, when islanding detection module detects the islanding and
PHEV rapid charging detection module does not, then there
is a islanding scenario, and otherwise, PHEV rapid charging
is occurred. The signals shown in Fig. [I2] clearly show that
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TABLE VI
OUTPUT TRAINING DETAILS FOR SVM ISLANDING DETECTION

Islanding Training Results

ftem P Q RMS; RMSy THD; THDy
Kernel function Gaussian Cubic Gaussian Cubic Cubic Cubic Cubic
Kernel scale 0.71 1 2.8 0.38 0.71 2.26 1.68
Number of observations (Observed vs Predicted: 0:0, 0:1, 1:0, 1:1) 8,1,0,45 6,3,0,45 3,6,0,45 4,5,1,44  2,7,0,45 9,0,1,44 8,1,0,45
Efficiency (Observed / Predicted) 0.99 0.89 0.86 0.93 0.74 0.98 0.91
Principal Component Analysis (95 %) Yes Yes Yes Yes Yes Yes Yes
they are parts of same sets of anomaly and therefore, the TABLE VII
same SVM-based discrimination method between iSlanding RLC LOAD CONFIGURATION FOR TESTING SCENARIOS UNDER UL1741
. . . STANDARD.
and PHEV rapid charging is used. It should be further noted
that different kernel functions are used for same signal and Scenario P [%] Q[%] R[] L H] C [F]
for reactive energy (()) and moreover, the same kernel with 1 100%  100% _ 0.011561 0.00345  0.002037
diff k | | kes SVM G . . ller d 2 50% 100% 0.023121  0.00345 0.002037
i erent' ernel scale makes § Gramian matrix smaller due 3 125% 100%  0.000249 0.00345 0.002037
to the higher training data dispersion. 4 100%  99% 0.011561  0.003488  0.,002037
5 100% 101% 0.011561  0.003419  0.002037
C. ULI1741 Test Conditions TABLE VI
For testing the study system, UL1741 standard is used which RLC LOAD ACCORDING TO DIFFERENT VALUES OF QF.
descrlbes the cond}tlgns for anti-islanding protection of DG Scemao @ R L TH O
units. In the description delegated by UL1741 standard, the 1 1003 2304 000607 000115
active and reactive power load is adjusted to DG in 25%, 2 2.008 2.304  0.00304 0.00231
50%, 100% and 125% of the nominal generated power of PV 3 2503 2304  0.00244  0.00288
Th ti is furth diusted bet 59, 4 3.008  2.304 0.00203  0.00346
system. The reactive power is further adjusted between -5% 3 2012 2304 000152 0.00461
and +5% of rated active power in 1% steps. In order to test 6 5002 2304 000122 0.00575

the proposed method under UL1741 standard conditions for
system shown in Figs. [1| and [2| Five simulation scenarios are
considered:

1) Scenariol: Active power load is 100% of generated
power, reactive power of load is 0%, power factor is 1.

2) Scenario2: Active power load is 50% of generated
power, reactive power of load is 0%, power factor is
1.

3) Scenario3d: Active power load is 125% of generated
power, reactive power of load is 0%, power factor is 1.

4) Scenario4: Active power load is 100% of generated
power, reactive power of load is -1%, power factor is
negative.

5) Scenariob: Active power load is 50% of generated
power, reactive power of load is 1%, power factor is
positive.

The RLC load for mentioned scenarios are presented in
Table [VII] Also, the above-mentioned scenarios are considered
less than three different load conditions regarding generated
power namely 2%, 100% and 200% of the generated power.
Additional testing conditions are involved based on UL1741
standard for different quality factor (QF) values shown by
Q. The testing conditions for different values of QF are
also prepared based on UL1741 standard. The RLC load for
different QF values is presented in Table The different
RLC values are considered less than three different load
conditions regarding generated power: 2%, 100% and 200%
of nominal PV generation power. After UL1741 standard test,
the model is tested for two different PHEV charging scenarios.
The first scenario is situation where PHEV rapid charging
event is occurred at 0.1 sec. followed by no islanding event.

The second scenario is when PHEV rapid charging at 0.1 sec.
followed by islanding event at 0.2 sec. The reason for this
test comes from technical properties of PHEV rapid charging
which can almost bring DG in short circuit, because the inner
resistance of hybrid and/or electric car is so small that DC
the current going into the car’s battery is huge. This event
is detected by the IED at the PCC as a heavy consumer
interconnection, or short circuit, if rapid charging of PHEV
is not softly started.

The RLC load parameters are according to the cases pre-
sented in Table for different Qf values mentioned in Table
and two scenarios for rapid PHEV charging presented in
Table [X|

IV. SIMULATION RESULTS

The testing model for simulating the proposed SVM-based
anti-islanding protection strategy is made according to real-life
study system described in Section [[I} Fig [2]illustrates the study
system with one DG with corresponding parameters presented
in Table [X] and Table There are three CBs installed in
the DN: the first one for islanding conditions, the second one

TABLE IX
PHEV RAPID CHARGING TEST SCENARIOS.
Scenario Time
1 Rapid charging - yes 0.1 sec.
Islanding- no -
2 Rapid charging - yes 0.1 sec.
Islanding- yes 0.2 sec.
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Fig. 12. The behavior of grid signals after islanding and PHEV rapid charging: @ RMS;, RM Sy, and f after islanding, |(b)] RM Sy, RM Sy, and f
after PHEV rapid charging, P, @ and Power Factor after islanding, P, @Q and Power Factor after PHEV rapid charging, [(e)] T"H D; and T'H Dy; after
islanding, and m THD; and TH Dy; after PHEV rapid charging.

for DG separation from grid, and the third one for injecting TABLE X
additional RLC load. In all of the tests, islanding is occurred at SIMULATION MODEL PARAMETERS
0.2 sec. In order to confirm islanding, the signal must switch DG power T EW
from on-syn. stage to off-isl. stage. Tnverter input DC voltage 300-310 V
The testing is conducted based on five scenarios which PCC voltage (L-L) 390-400 V
. . Nominal frequency 50 Hz
are all conducted in separated tests and reports: more than -
. X o o DN resistance 0.89
one DG in the grid, additional load injection, UL1741 test DN inductance 0016 H
conditions, PHEV rapid charging and comparison with other DG current filter inductance  0.01 H

reported methods. DG voltage filter capacitance 12 kF

A. Case 1: Multiple Distributed Generators

In this subsection, the presented results are obtained from
testing scenario of two DGs work in the same grid at the The next study deals with testing of the study system
same PCC, as depicted in Fig. [T3] The PV panel specification scenario with additional load injection into LV DN. The
are created according to Table [l The obtained results are obtained results are provided in Fig. [I3] and Table [XIII] An
presented in Fig [T4] and Table Based on the presented amount of 10 kW additional load is injected at the same PCC.
results, the SVM successfully detects islanding when parallel Based on the presented results, it is clear that there is no
DGs are connected to the same PCC. tripping in SVM-based islanding detection block. With simple

B. Additional Load Injection

1949-3053 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2019.2924290, IEEE
Transactions on Smart Grid

IEEE TRANSACTIONS ON SMART GRID, VOL. XX, NO. XX, JUNE 2019 13
R; Ly CB
- —\WA—rrer—
vsC < pcC
VT
PV System SVM | CD
R L, (B B R L
—wWA—rrr—l——— 75—
I Upstream Grid
VT
PV System SVM ‘_CI)_ | B
| ]
| Rectifier
CU_l_ SRy 31, RLCLoadl - Crz - RLC Load2
= ESS
c2 =
PHEV Charging
point
Fig. 13. Single line diagram for Multi-DG system with DN, load and EES based on real-life example.
TABLE XI TABLE XII
DG UNIT (PV SYSTEM) PARAMETERS MULTIPLE DG UNITS CASE: OUTPUTS OF THE PROPOSED SVM-BASED
ANTI-ISLANDING DETECTION STRATEGY.
Modules type Soltech 1STH-215-P
Maximum power 213.15 W SVM-based Islanding Detection
Voltage at MPP 29V Output  Detection time from event [ms]
Current at MPP 735 A f TRUE 25
Short circuit current 7.84 A P TRUE 40
Open circuit voltage 363V Q TRUE 0
Maximum system voltage 360 V RMS;  TRUE 40
Module number 11x11 RM Sy TRUE 0
THDy TRUE 30
THDy  TRUE 0
) Islanding
Islanding —— FREQ svm results 15 T T T T T T T
' ' ' ' ' ' = = =P SVM results
---------- Q SVM results
RMSI SVM results
———RMSYV SVM results
THDI SVM results 1
1 v —— THDV SVM results ol
= ! S
S ! =
E . £ ——FREQ SVM results
20 1 @ = = =P SVM results
z i ! i osF e Q SVM results 1
! RMSI SVM results
b ——RMSV SVM results
1 THDI SVM results
1 L —#—THDV SVM results
1 0 2 R R B Y . . . . .
0 AL oot oot 15 20 25 30 35 40 45 50 55 60 65

20 25 30 35 .40 45 50 55 60 65 Time (x*5) [ms]
Time (x*5) [ms]

. . . . . . Fig. 15. Additional load injection case: simulation of the resulted signals for
Fig. 14. Multiple DG units case: simulation of the resulted signals for the thg proposed SVM-based ailti—islanding protection strategy £
proposed SVM-based anti-islanding protection strategy. '

C. Method Testing under UL1741 Conditions

In this part of the analysis, for the sake of evaluating

linear transformation, FALSE can be converted to TRUE but the proposed method under UL1741 standard conditions, the
the detection time is left out because there is no tripping, and results are presented based on the testing conditions mentioned

therefore, there is no islanding event. in Table [VII] and Table [VIII] and the results are presented in
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TABLE XIII
ADDITIONAL LOAD INJECTION CASE: OUTPUTS OF THE PROPOSED
SVM-BASED ANTI-ISLANDING DETECTION STRATEGY

SVM-based Islanding Detection

Output  Detection time from event
f FALSE -
P FALSE -
Q FALSE -
RMS;  FALSE -
RMSy  FALSE -
THD; FALSE -
THDy  TRUE -

FREQ UL1741 islanding result
= = =P UL1741 islanding result
---------- Q UL1741 islanding result
RMSI UL1741 islanding result

RMSY UL1741 islanding result
THDI UL1741 islanding result
=== THDV UL1741 islanding result

Signal [0/1]

0.5

| —d

30 40 50 60 70
Time (x*d) [ms]

e
-
S
ISy
S

Fig. 16. UL1741 standard test case: simulation of the resulted output signals
from SVM based on the parameters of Table [VII]

Fig. [I6 and Fig [I7] and Table [XIV] As mentioned, the output
signal is formed in lines and processed by SVMs to produce
the output. The islanding occurs at 0.2 sec. from the beginning
of the timeline. From one number to another number, the time
gap is 5 msec. According to Fig. [T6] and Fig. islanding
occurs in 0.1 sec. and is detected by all signals within 45-
60 msec., later. The output signals are used for anti-islanding
protection and it is obvious that all 7 signals change their state
after islanding event. According to the output data, islanding
detection is achieved in scenario of UL1741 standard.

FREQ UL1741 islanding result
= = =P UL1741 islanding result
"""""" Q UL1741 islanding result
RMSI UL1741 islanding result
RMSV UL1741 islanding result
THDI UL1741 islanding result
=—#—THDV UL1741 islanding result

Signal [0/1]

05k

) I

30 40 50 60 70
Time (x*d) [ms]

=
5
w
S

Fig. 17. UL1741 standard test case: simulation of the resulted output signals
from SVM based on the parameters of Table |VIII
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TABLE XIV
OUTPUT VALUES ACCORDING TO FIG.[T6lAND FiG.[I7]

Case Fig. Fig.

CASE 1 50 msec. 55 msec.
CASE 2 50 msec. 55 msec.
CASE 3 50 msec. 55 msec.
CASE 4 50 msec. 55 msec.
CASE 5 50 msec. 55 msec.
CASE6 - 55 msec.

D. PHEV Rapid Charging with/without Islanding

First, we study the situation that the PHEV rapid charging
occurs and islanding does not happen. The impact of the
PHEV rapid charging is studied using parameters presented
in Table [ As mentioned, the PHEV rapid charging demands
huge power from the charging station due to its small resis-
tance at the charging moment when the PHEV is connected
to the BESS, with constant connection to the LV-DN at the
rectifier AC side, and constant connection of rectifier DC side
to the ESS, as shown in Fig. 2] Based on the single line
diagram (SLD) shown in Fig. 2] rapid charging makes similar
effect on LV-DN as high load switching is happened with low
inner resistance. The effects of rapid charging are presented on
Figs. [I8] and [19] and the SVM results are presented in Fig. 20}
There is a rapid charging scenario and half full ESS in micro
grid, not in electric car. Fig. [T9) depicts ESS in microgrid, not
in electric vehicle. The battery bank in the BESS is at 50 %
state of charge (SoC) and it will be recharged until PHEV
connects and starts its rapid charging regime. As shown on
Fig. 20} the rapid charging moment begins at ¢t = 0.135 sec.
and the SVM does not generate the islanding signal at rapid
charging mode.

As mentioned before, the PHEV rapid charging inflicts a
huge power-flow from charging station due to its small resis-
tance at the charging moment, when the PHEV is connected
to the BESS with a constant connection to the LV-DN at the
rectifier AC side, and is constantly connected to the DC side of
the rectifier in PV plant. The BESS is at 50% state of charge
(SoC) and it will be recharging until PHEV connects and
starts its rapid charging regime. The rapid charging moment
begins at ¢ = 0.135 sec. and the SVM does not generate the
islanding signal at rapid charging mode. In the next scenario,
the islanding occurs after rapid charging so that both events
are combined. At ¢ = 100 msec., the rapid charging is done
and at ¢ = 200 msec., the islanding occurs. The results are
presented in Figs. 21] and 2] From [21] it can be observed
that the output islanding signal is not triggered after rapid
charging. There is a different situation which is shown in Fig.
[22] where the rapid charging moment is followed by islanding
(t = 200 msec.), and the SVM signals are generated only when
islanding occurs (not in PEHV rapid charging) which makes
the SVM to be a selective islanding detection method.

E. Analysis of Non-Detection Zone

Discovering NDZ area indicates usage of at-least two dif-
ferent parameters which may or not be related in measuring
manner speaking. In this case, we take RM .Sy and P (gener-
ated power from DG) in the range of 0.9-1.1 p.u. for RM SV
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Fig. 20. SVM output results for rapid charging scenario

with steps of 0.01, and 0.05-1.15 p.u. for P with steps of 0.05.

Time (x*5) [ms]

Fig. 21. PHEV rapid charging case without islanding event: simulation of

The results are presented in Table [XV] with red marked cells
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FREQ UL1741 islanding result
= = =P UL1741 islanding result
---------- Q UL1741 islanding result
————— RMSI UL1741 islanding result
RMSYV UL1741 islanding resuls
THDI UL1741 islanding result
——#— THDV UL1741 islanding resul]

Signal [0/1]
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Fig. 22. PHEV rapid charging case with islanding event: simulation of the
resulted signals for the proposed SVM-based anti-islanding protection.

where the islanding is not detected, and white ones where the
islanding is detected.

Fig. 23] shows detection time for every testing situation
which NDZ is field, and presents NDZ using those 2 param-
eters and detection time in all testing cases of p.u. of both
parameters (taking the range of 0-23 kW for P with steps of
0.01, and 358-437 volt for RM Sy with steps of 0.05). The
simulation studies indicate that the best results are obtained
when the generated power is equal or higher than the nominal
installed power in DG and RM Sy is around 1 p.u. or higher.
This is due to the input values for SVM data training set
which are collected when RM Sy and P are almost around full
generation capacity of DG and nominal voltage of distribution
grid.

Time detection

60

Time [ms]
A
EY

&

15

25 9
Network voltage Un [p.u.]
Generated power [p.u.]

Fig. 23. Detection time disposition.

F. Comparison with Other Similar Techniques

Based on the nature of SVM, we selected some of the re-
lated previously-reporte islanding detection methods from [4]],
(601, [64]-[66] for comparison (Table [XVI). The categories
of this comparison are detection time, accuracy and NDZ.
The detection time of the proposed method is compared with
detection time of other reported techniques from published

16

papers. Detection time is read from reference papers and the
accuracy and the NDZ are calculated based on (12)) and (I3)
as:

100

Lew = 100 — = + Ny, (12)
Nu

INDZ = Nact X AM + (Npas)PM (13)

where, Ay is equal to Sand P, is 2. The comparative results
prove the capability of the proposed SVM-based strategy to be
fit for anti-islanding protection and further as a technique for
discrimination between islanding and PHEV rapid charging
(Table [XV]] and Fig. [24). Besides the presented comparison
categories, some other parameters can be taken into con-
sideration, including but not limited to: time for method
training, number of monitored signals, number of samples,
measurement costs, etc.

tanding

- Proposed method
Ref. [60]

B e B
s £ s K W% E

Time (9 ]

Fig. 24. Comparison of the proposed SVM-based strategy against Ref. [60].

V. CONCLUSION

This paper investigated the classification capability of sup-
port vector machines to protect a PV-based LV active distribu-
tion network from anti-islanding and its discrimination from
PHEYV rapid charging. In this study, we used seven signals for
detecting the islanding phenomenon namely frequency, active
power, reactive power, and THD and RMS values of voltage
current signals. These signal were used as training and testing
polygon for the proposed SVM-based algorithm. The proposed
method learned dips and swells of the involved signals at the
event occasion. We verified the performance of the proposed
strategy based on digital time-domain simulation studies con-
ducted in MATLAB/Simulink software environment using the
model of a real-life practical PV-based microgrid located in
Jajce, Bosnia-Herzegovina. The SVM modules were trained
based on a data set including samples of the related signals
which were experimentally measured by using a fast high-
frequency custom-made IED used as an on-site measurement
device. Due to passive nature of the proposed method, the
energy quality and other protection measurements were not
affected by detecting procedure. We addressed the sensitivity
and discrimination capability of the proposed SVM-based anti-
islanding strategy and its sensitiveness by involving PHEV
rapid charging scenario. The obtained results revealed that
the proposed method can successfully detect the islanding
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TABLE XV
ISLANDING DETECTION SCENARIOS BASED ON VOLTAGE (IN P.U.) ACQUIRED FROM DISTRIBUTION NETWORK AND GENERATED POWER OF DG.
ISLANDING DETECTION
| Distribution Network voltage
[p.-u.] 0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09
0.05 57 55 52 52 5 5 2 | 52 | 52 52 52 52 52 5 52 52 52
0.1 52 52 52 52 52 52 52 52
0.15 52 52 52 52 52 52 52 52 52 52 52 52
0.2 52 52 52 52 52 52 52 52 52 52 52 52 52 52
0.25 52 52 52 52 52 52 52 52 52 52 52 52 52 52
0.3 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51
0.35 59 59 59 59 59 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51
5 0.4 59 59 59 59 59 51 51 51 51 Sl Sl Sl 51 51 51 51 Sl 51 51 51
2 [045 | 59 | 9 59 59 59 51 51 51 51 51| sl | sl 51 51 51 51 51 51 51 51
< [0s 57 57 57 57 57 50 50 50 50 50 | 50 | 50 50 50 50 50 50 50 50 50
£ [055 | 57 57 57 57 57 50 50 50 50 50 | 50 | 50 50 50 50 50 50 50 50 50
2 [os 56 | s6 56 56 56 50 50 50 50 0 | s0 | so0 50 50 50 50 50 50 50 50
3 0.65 56 56 56 56 56 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
= 0.7 56 56 56 56 56 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48
% 0.75 56 56 56 56 56 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48
<] 0.8 52 52 52 52 52 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48
085 | 52 | 2 52 52 52 48 43 48 48 48 | 48 | 48 48 43 48 48 48 48 48 48
09 50 | 50 50 50 50 43 43 43 48 48 | 48 | 48 48 43 43 48 48 48 43 43
095 | 50 | 50 50 50 50 43 43 4 48 48 | 48 | 48 43 43 4 48 48 4 43 4
T 50 | 50 50 50 50 48 48 48 48 48 | 48 | 48 48 48 48 48 48 48 48 48
T05 | 50 | 50 50 50 50 48 48 48 43 4 | 48 | 48 48 48 48 43 48 48 48 48
T1 50 | 50 50 50 50 48 48 48 48 4 | 48 | 48 48 48 48 48 48 48 48 48
1.15 50 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48
TABLE XVI [10] D. Voglitsis, N. Papanikolaou, and A. C. Kyritsis, “Incorporation of har-
THE COMPARATIVE RESULTS. monic injection in an interleaved flyback inverter for the implementation
of an active anti-islanding technique,” IEEE Trans. on Power Electronics,
Detection time [s]  Accuracy[%] NDZ vol. 32, no. 11, pp. 8526-8543, nov 2017.
Ref. [64] 0.270 2 1 % [11] A. S. Subhadra, P. Reddy, and S. . B. Modi, “Islanding detection in a
Ref. [65] 0.200 2 1 % distribution system with modified DG interface controller,” Int. Journal
Ref. [66] 0.050 2 1% of Applied Power Engineering (IJAPE), vol. 6, no. 3, pp. 135-143, dec
Ref. [4] 0.040 78.71 49 % 2017.
Ref. [60] 0.050 99.49 9.89 % [12] B. Wen, D. Boroyevich, R. Burgos, Z. Shen, and P. Mattavelli,
The proposed method ~ 0.040 100.00 9.52 % “Impedance-based analysis of active frequency drift islanding detection
for grid-tied inverter system,” IEEE Trans. on Industry Applications,
vol. 52, no. 1, pp. 332-341, jan 2016.

. . [13] A. Yafaoui, B. Wu, and S. Kouro, “Improved active frequency drift anti-
phenomenon with a high level of accuracy, and can properly islanding detection method for grid connected photovoltaic systems,”
discriminate it with PHEV rapid charging. The extension of gg’fg Trans. on Power Electronics, vol. 27, no. 5, pp. 23672375, may
the pI.‘Op(.)SC.d SFrate.gy for ISI.andmg and grld-fault detection [14] M. A. Hosani, Z. Qu, and H. H. Zeineldin, “Scheduled perturbation to
and discrimination is the subject of the future research of the reduce nondetection zone for low gain sandia frequency shift method,”
authors. IEEE Trans. on Smart Grid, vol. 6, no. 6, pp. 3095-3103, nov 2015.

[15] H. H. Zeineldin and M. M. A. Salama, “Impact of load frequency

dependence on the NDZ and performance of the SFS islanding detection
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