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ABSTRACT

The disadvantage of the existing passive islanding detection methods is a
long detection time and a large non detection zone (NDZ), an islanding detection
method based on wavelet packet transform and support vector machine (SVM)
was proposed. Firstly, the voltage signal of the point of common coupling is
gathered, and then the voltage signal is decomposed into different frequency
bands by wavelet packet. Secondly, the normalized logarithmic energy entropy of
wavelet packet for each band is calculated, and these features are fed into the SYM
model. Finally, the SVM model is used for determining whether there is an island
phenomenon. The experimental results verify that the proposed method can
detect system islanding operation mode is fast and accurate.

Keywords: Islanding detection, Wavelet packet transforms, support vector
machine.
TOM TAT

Nhugc diém cla céc phuang phap phét hién tach ddo thu dong hién c6 1
thoi gian phat hién dai va ving khong phat hién (NDZ) I6n, do d6 mot phuong
phép phét hién su dua trén bién d&i g6i Wavelet va may véc to hé trg (SVM)
dugc dé xuat. Dau tién, tin hiéu dién ap tai di€m ghép ndi chung dugc thu thap,
sau d6 tin hiéu dién dp nay dugc phan tach thanh tin hiéu vdi cac dai tan s khac
nhau béng phép bién ddi goi Wavelet. Thit hai, entropy nang logarit chudn hoa
clia cac gdi séng con cho mdi dai bang tan dugc tinh toan va cac ddc trung nay
dugc dua tdi dau vao mo hinh SVM. Cudi cing, md hinh SVM dugc st dung dé
xac dinh xem c6 hién tugng tach dao xay ra hay khong. Két qua thuc nghiém
cho thdy phuong phap dé xudt co thé phat hién ché do tach ddo cla hé thong
nhanh va chinh xac.

Tir khéa: Phdt hién tdch ddo, bién ddi goi Wavelet, mdy véc to hé trg.
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1. INTRODUCTION

As a component in a photovoltaic (PV) power generation
system, a grid - connected PV inverter is used to convert
direct current (DC) from solar panels into alternating current
(AC) which has the same phase and the same frequency as
grid voltage, and to feed the AC to a power grid. Islanding
phenomenon of grid-connected photovoltaic (PV) inverters
refers to their independent operation when the utility is
disconnected. The local section energized by self-activated
PV inverters becomes an “island” isolated from the
remaining power system. Concern about such phenomenon
is raised because it causes danger to uninformed
maintenance personnel. Therefore, utility-interactive PV
system must be equipped with efficient islanding detection
methods (IDMs).

A large number of IDMs have been developed [1-11].
Active methods are based on injection of a small
disturbance into the system and analyzing the change in
output parameters for islanding detection. The Active
Frequency Drift (AFD) [1], Sandia Frequency Shift (SFS) [2],
Sliding Mode frequency Shift (SMS) [3], Automatic Phase
Shift (APS) [4], impedance measurement [5], and high
frequency signal injection [6] are typical examples of the
active methods. These methods have a small non detection
zone (NDZ) but they may deteriorate power quality during
normal power system operation. Whereas, the passive
methods discriminate islanding from normal condition
based on the measurements of system parameters such as
voltage, frequency, etc., at the point common coupling
(PCQ). The signal parameter measurements or some features
are extracted from them are compared to the
predetermined threshold. Some passive methods that have
been reported consisting of under/over voltage protection
and under/over frequency protection (UVP/OVP and
UFP/OFP) [7], rate of change of frequency [8], voltage and
power factor change [9], etc. Passive methods are easy to
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implement, and being grid friendly as no additional signal is
injected. However, they fail to detect islanding when the
local load consumption closely matches the power output
of the DG thus resulting in a large NDZ.

To decrease NDZ of the passive methods modern signal-
processing tools such as short-time Fourier transform (STFT),
wavelet transform (WT) have been utilized. WT-based
techniques discussed in [10, 11] attempt to detecting power
islands through the changes that occur in high-frequency
components in the measured signals, such as voltages,
currents, and frequency. However, the WT only extracts the
low frequency sub-band, so it ignores some useful
properties of the high frequency band, which has meaning
values to reveal islanding condition. Alternatively, wavelet
packet transform (WPT) has been applied which has the
ability to extract all the low-and high frequency sub-bands
of the input signal over all the time-frequency.

In order to further improve the accuracy of islanding
detection, this paper proposes an islanding detection method
that combines wavelet packet transform and support vector
machine. The WPT is used to decompose the components of
different frequency bands, and the logarithmic energy
entropy of the different frequency band components is used
as the input of the support vector machine (SVM) to identify
the islanding and non-islanding states of the system. The
experimental results verify that the method has the
advantages of high islanding detection accuracy, small
detection blind area, and fast detection speed.

2. MATERIALS AND METHODS
2.1. Wavelet Packet Transform

The WPT is one type of wavelet-based signal processing
that offers a detailed localized time-frequency analysis of
discrete-time signals. This analysis is obtained as a result of
successive time localization of frequency sub-bands
generated by tree of low-pass and high-pass filters. The
algorithm is to decompose one node into two nodes step-
by-step, i.e., subdividing the whole frequency band of the
sampled signal into small segments. Figure 1 shows the
wavelet packet decomposition tree with WPT coefficients at
each decomposition level j and frequency sub-band n.
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Figure 1. lllustrative diagram of the wavelet packet decomposition

The WPT is a generalization of the WT, and the wavelet
packet function is also a time-frequency function, it can be
defined as:
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where the integers jand k are the index scale and translation
operations; n is an operation oscillation parameter.

The first two wavelet packet functions expressed as
bellow:

Woo (1) =0(t) 2)

W, (1) =W(t) (3)
where ¢(t)and y(t) are the scaling and mother wavelet
functions, respectively.

When n = 2, 3... the function can be defined by the
following recursive relationships

W3 (1) =V2 2 h(k)Wy (2t k) (4)
WES (1) = V23 g (k)W (2t k) (5)

where and

h(k)=1/~2{g(t),p(2t-k))
gk =1/ \/E<l|)(t),l|)(2t - k)) are the filter coefficients of low-

pass and the high-pass filters respectively, and they are
orthogonal with the relationship g(k)=(-1h(1-k).

The wavelet packet coefficients (WPCs) S;k are obtained
by the inner product between the signal x(t) and the wavelet
packet functions W} as below:

$1, = (x5 ) = [ x ()W, (t)dt (6)

—0

The signal logarithmic energy entropy for each
frequency sub-band n and j level is calculated as:

£, = 3 loof (53, (1) 7

where N is the number of sampling point, S;k is the WPCs at

the n frequency sub-band on the j level, n=2' —1.

Also, for better demonstration of the distributed
situation of the total signal logarithmic energy entropy in
each frequency band, the normalized logarithmic energy
entropy (NLEE) value is given by:

E - 8)

n o5
2En
n=0

2.2. Support Vector Machine Classifier

Support Vector Machine (SVM) is a machine learning
algorithm developed on the basis of statistical learning theory
based on the principle of structural risk minimization. At
present, SVM has been successfully applied in many fields such
as power system fault diagnosis and load forecasting [12].

SVM has been developed by Vapnik [13] and is becoming
a popular machine learning tool due to great ability to
generalize performances. Its principle is based on the
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structural risk minimization (SRM) that minimizes an upper
bound on the expected risk, opposed to the error on the
training data used by neural network (NN). While NN
performance is dependent on the size of the training data
set and has a number of parameters that should be tuned,
SVM may make good prediction using smaller data sets and
has fewer parameters to be adjusted.

Given a training set of instances and class label pairs (x;,

y), i =1,2..,1 where x, eR" and v, e(1,—1)', the SVM
requires the solution of the following optimization problem:
o1 2 I
min ] +C[;§J ©)
subject to

y [ wio(x)+b]=1-€, (10)

Here training vectors x; are mapped into a higher
dimensional space by the function ¢ .In the training process

(Vi) & =0

the support vectors from the training data will be selected
and used to predict unseen data. Parameter C > 0 is the
penalty factor of the error term and may be seen as factor
that controls the tradeoff between separation margin and

training errors, while ||w|| is a norm to the vector

perpendicular to the separation hyperline and €, are slack
variables which measure degree of misclassification.

K%y, )=0(x;)" d)(xj ) represents  the
kernel function. Despite many kernels being proposed by
researchers, in this paper radial bias function (RBF).

Furthermore,

K(xi,yi):ef"HX‘fx”Hz, y>0 (an

Input Support Vector Qutput

Figure 2. Structure diagram of support vector machine

Candy can be determined experimentally through a grid
search and cross-validation process. To estimate the best
values of the C and y parameters the values of both
parameters are varied in increments of the power of 2. For
the any parameter combination a k-fold cross-validation is
applied. First, the training data set is divided into k subsets
of equal size. The SVM classifier is then trained k times and in
the Ith iteration, | = 1, 2, .., k, the classifier is trained using
all subsets except the Ith subset. The trained classifier is then
tested using only the Ith subset, and the classification error
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for this subset is calculated. In such a way, each training
subset is tested once, and the cross-validation accuracy is
the percentage of the data which are correctly classified.

Finally, the average of these errors is taken as the
expected prediction error. This procedure is repeated for the
available C and y parameter values and the best pair that
gives the highest estimation accuracy is selected.

Structure diagram of support vector machine is shown in
Figure 2.

2.3. Proposed Methodology
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Figure 3. Structure diagram of support vector machine

The purpose of the feature extraction is to identify
specific signature of the PCC voltage signal that will help in
distinguishing between islanding and non-islanding
condition. In this study, the PCC voltage signal is
decomposed by WPT which chooses Daubechie’s 5 (db5)
and the layer of decomposition are 3. The sampling
frequency is 10kHz. Therefore, the PCC voltage signal is
decomposed into 8 frequency bands. According to the
results in [14], the NLEE values of the node (3,1), (3,2), (3,3),
and (3,4) are used to feed the SVM for training and testing.
The situations that could be present during islanding and
non-islanding condition are as follow:

= Trip the utility breaker to island the DG along with
active power mismatch from -40% to 40%.
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= Trip the utility breaker to island the DG along with
reactive power mismatch from -40% to 40%.

= Trip the utility breaker to island the DG along with
active power mismatch from -10% to 10% and reactive
power mismatch from -10% to 10%.

= Sudden load change at PCC.
= Various load quality factors.
= Capacitor bank switching.

In order to design and evaluate proposed method, 240
different islanding and non-islanding events are simulated.
There are 120 islanding and 120 non-islanding events.

The proposed method can be described in two stages.
The first stage involves the training of SVM with different
features obtained under several islanding and non-islanding
conditions. In the second stage, the trained SVM is applied
to detect islanding in real time. The step-by-step procedure
of real-time islanding detection is shown in the flowchart
presented in Figure 3.

2.4. Hardware Configuration

A 1.2-kW single-phase grid-connected inverter of system
shown in Figure 4 was built in the laboratory to verify the
performance of the proposed technique. The parameters
used in the experiment are provided in Table 1. Figures 4
and 5 show an overall block diagram of hardware and the
photograph of the experimental setup for testing the
proposed method in the laboratory, respectively. The
control system was implemented using a 32-bit digital
signal processor (DSP) TMS320F28335 of Texas Instruments,
including the inverter controller with the necessary
islanding algorithm.

All blocks in the dotted line shown in Figure 1 have been
fully carried out by the DSP. In Figure 4, the outputs of the
control board consist of signals for the driver board and the
trip signal to control a relay RL. The switching off of the utility
breaker CB is used to simulate the islanding condition.
Furthermore, the dc-link voltage, the PCC voltage and the
inverter output current were measured using voltage and
current sensors, and fed to the analog-to-digital (A/D)
converter ports of the DSP board.

Table 1. System parameters for experiment

No. Parameter Value Unit
1 DCvoltage Vg 400 )
2 Rate power of inverter 1200 W
3 Filter inductor Lf 5 mH
4 Filter Capacitor Cf 3 uF
5 Resistance load 40.333 Q
6 Inductance load 128.4 mH
7 (apacitance load 78919 uF
8 Quality factor 1
9 Nominal grid voltage 220 )
10 Grid frequency 50 Hz
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Figure 5. Photograph of the experimental setup in the laboratory
3. RESULTS AND DISCUSSION

When the power of the local load is designed to match
the generation power of the PV inverter, the islanding
detection is extremely difficult. According to IEC Std. 62116,
three typical worst-case studies were considered to prove
the effectiveness of the proposed algorithm as follows:

o Case A: Inverter output power is equal 100%, and AP is
set to 0%; AQ is set to -5% of inverter output power.

o Case B: Inverter output power is equal 66%, and AP is
set to 0%; AQ is set to +1% of inverter output power.

o Case C: Inverter output power is equal 33%, and AP is
set to 0%; AQ is set to +1% of inverter output power.

The three cases, in the above-mentioned simulation, were
verified by hardware experiment. The obtained experimental
results are shown in Figures 6 - 8. Where: Channel CH1
corresponds to the measured voltage waveform at the PCC.
Channel CH2 shows the inverter output current waveform.
Channel CH3 shows the grid current waveform, and channel
CH4 is the trip signal, which simulates the grid disconnection.

Responses of the system for case A, case B, and case Care
shown in Figures 6, 7, and 8, respectively. In these cases, the
PV inverter is working at 100%, 66%, and 33% of its rated
power. From Fig. 6 and 7, when the grid is connected, the
grid current is close to zero because in these cases the active
consumption power of the local load is designed to match
the PV inverter output active power. Whereas, once the
islanding occurs, the grid current is immediately equal to
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zero. The instant islanding is formed which can be identified
at the moment the grid current is dropped to zero.
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Figure 8. Experimental waveform of islanding detection by the proposed
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The results indicated that after the islanding is detected,
the PV inverter is stopped immediately and the inverter
output current and the load current are zero as well. The
needed times for the detection of the islanding
phenomenon in case A, case B, and case C are 13.28ms,
15.68ms, and 16.48ms, respectively, which are less than 2sin
the Std. IEC 62116.

4. CONCLUSION

This paper presents a passive islanding detection method
for the grid - connected PV inverter system. The proposed
method works based on wavelet packet transform and
support vector machine. Experimental results show that this
method can quickly and effectively detect islanding under the
worst conditions defined in the IEC 62116 standard. In
addition, the method has the following characteristics:

1. The proposed method is fast and detection time does
not depend on the real/reactive power mismatch.

2. No disturbance is added to the control signal, which
will not adversely affect the power quality.
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