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1. INTRODUCTION

Power Quality (PQ) has become a critical issue for users and the adequacy. Power signals can be
crooked with different types of PQ disturbances such as the voltage variations (voltage sag, swell and
interruption), harmonics, transient and so on: where the quality of the signal can be impaired [1].
PQ disturbance is basically explained as any change of voltage, current or frequency in power that affects
the normal operation of the machine or equipment [2]. Electrical device or equipment used in the industries
are sensitive to the occurrence of PQ disturbances, which will bring impact to economic losses [3]. So, PQ is
becoming one of an important issues in modern power systems [4].

To ensure PQ in the distribution systems, performance monitoring of the power system is
required [5]. So, researchers have proposed time-frequency analysis methods to monitor and analyze PQ
disturbance signals. The features of the signals will be extracted from the time-frequency domains (TFDs)
and be used to classify the events [6-21]. These approaches used a similar working scheme where signals
monitored are first analyzed through TFD methods before extracting the features from the signals analyzed.
From the literature, Fourier Transform (FT) is not suitable for analyzing non-stationary signals. Short-time
Fourier Transform (STFT) is better than FT and yet still fails to obtain good time resolution in time and
frequency domain. Wavelet Transform (WT) can extract the time and frequency information concurrently,
however it is very sensitive to noise as well as the dependency of accuracy on selected mother wavelet.
Spectrogram can perform better than previous methods, but its fixed window width cannot provide good
time-frequency resolution. In order to overcome the limitation of spectrogram, Gabor Transform (GT) is
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introduced which able to detect spectrum changes with resolution under 20ms. However, there is less
literature regarding GT based classification.

Researchers have used various techniques to detect and classify the PQ for example the rule-based
method, artificial neural network (ANN), support vector machines (SVM) and so on [22-27]. ANN are
mainly used for pattern matching, classification, optimizing and data clustering yet they are hard to debug
with computationally intensive to train. SVM has regularization parameter, where it is an approximation with
no local minima. However, it covers the determination of the parameters for value of regularization and
kernel parameters which are sensitive to over-fitting model selection. Rule-based method is easy to be
generated and interpreted which comparable to decision tree. From the literature, rule-based method is easy
to be used and applied on a less complex domain.

Many techniques were presented by researchers for analyzing and classifying power quality
problems. In this paper, GT technique is implemented to analyze the disturbances by representing the signals
in time frequency representation (TFR). Then, the parameters obtained from the time-frequency
representation (TFR) will be used as input for rule-based classifier to classify the PQ event. The attempt of
this research is an investigation to seek an easier method without consuming much computation time for
classifying PQ events by using GT.

2. POWER QUALITY SIGNALS MODELS

Power Quality (PQ) disturbances that may appear in a power system are different in their
characteristics. IEEE Std. 1159-2009 explains the categories of PQ disturbances [28, 29]. In this paper,
the type of disturbances focused is voltage variation which are the voltage sag, swell and interruption.
Mathematical models with parameters are used for generating signals in MATLAB. The signals generated
are of 50Hz according to IEEE standard. The mathematical models and parameters of signals are tabulated in
Table 1 [30]. Class symbol of C1 is used to categorize pure sine wave or voltage waveform in normal form
while C2 to C4 are used to investigate PQ disturbances (voltage variations).

Table 1. Mathematical model of PQ disturbances [29]

PQ disturbance Class symbol ~ Mathematical model Parameters
Standard Simulated

Pure sine wave C1 y(t) = Asin(wt) w= 2xf A= 1pu, f=50 Hz

Voltage swell Cc2 y(t) =A(L + o<c(u(t - ty) - u(t - t2)))sin(wt) 0.1<0<0.9; a=0.3, 1,=0.05, t,=0.15
T<t,—t<9T;

Voltage sag C3 y(t) =A(1 - oc(u(t - t1) - u(t - tp)))sin(wt) 0.1<0<0.9; a=0.3, t,=0.05, t,=0.15
T<t,—t<9T;

Voltage C4 y(t) =A(1 - oc(u(t - t1) - u(t - tp)))sin(wt) a<0.1; a=0.3, t;=0.05, t,=0.15

interruption T<t,—t<9T;

A: amplitude; f: frequency; y: voltage; T: period; t: time; w: angular frequency; a = voltage magnitude; u(t): unit step function

3. POWER QUALITY ANALYSIS METHOD
3.1. Gabor transform

A British physicist, Dennis Gabor suggested a signal processing transform method [31]. It expands
a signal into set of functions that are concentrated in both frequency and time domains [12, 31].
The coefficients of the functions will then be used as the descriptors of local property of the particular
signal [32]. Gabor transform uses hanning window just as spectrogram but different in terms of window
length (480 samples) [6, 33]. Hanning window is selected as window function due to its lower peak side lope
which has narrow effect on other frequencies around fundamental value (50 Hz in this study). The Gabor
Transform is represented as:

2

G(t, f):r X(r)e%e’jz”“dr (1)

Where x(z) is the input signal and o is sigma. The ordering of the matrices of GT can be presented as
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Where A is the matrices associated with the matrix of window of GT time slice. The signal input processed
by GT will be analyzed and presented in matrix form of MxN. The maximum values of the GT of the signal
will be extracted from the matrices for further analysis.

3.2. Calculation of root mean square (RMS) voltage

Root-mean-square (RMS) is used for extracting information generally from PQ disturbances.
Each type of PQ disturbance has its own symbolized RMS voltage waveforms [34-36]. RMS voltage can be
practically derived from the time-frequency representation (TFR). The equation can be explained as:

Vo () = [ ™ R.(t, )t ©)

Where P (t, f)is the time-frequency distribution, f _is the maximum frequency of interest.

3.3. Rule-based classification technique

The rule-based classifier basically consists of IF-THEN rules, where a bunch of facts and
an interpreter are controlling the rules function or application, with facts applied. This classifier will classify
test records based on the rules triggered [27, 37, 38]. The basic theory of rule-based classifier is shown
in Figure 1.

Knowledge base Data to be
Knowledge base acquisition facility classified

S~ S

. — | Results
Inference engine

Figure 1. Structure of rule-based classifier

IF-THEN rule statements are used to develop the conditions or statements that compose
the knowledge base. The knowledge base stores all relevant information (rules, data and so on) used by
the system. IF-THEN rule presumes a condition where if X is A, then y is B. the if-part of rule x is called
premise whereas the then-part of rule y is called conclusion. The inference engine in this classifier is
right-on according to the rules applied. Finally, the results of the classification will be presented differ in
disturbance classes.

4. RESULTS AND DISCUSSION

The analysis of Gabor Transform on voltage variations will be detailed in this section. The matrix
information acquired by Gabor Transform is used to obtain plots for detecting and classifying the PQ
disturbances (voltage variations in this study). The plots obtained are amplitude plot, time-frequency contour
plot, and RMS voltage per unit (pu) plot.

4.1. Pure sine wave

Figure 2 presents the Gabor Transform based plots of normal voltage or pure sine wave.
The time-frequency representation (TFR) indicates the pure natural of the wave which drops on 50 Hz.
The RMS voltage pu graph shows constant amplitude of voltage at 1pu which shows and indicates normal
voltage waveform. These will be used as reference for detecting voltage variation.

4.2. Voltage swell

Voltage swell and Gabor Transform based plots are shown in Figure 3. Increase in magnitude of
voltage amplitude is effectively observed from the amplitude plot. From the TFR, the signal has an increment
in magnitude between 0.05s and 0.15s. The lighter the counter, the higher the magnitude of the signal and
vice versa. The RMS voltage pu plot is plotted from the RMS calculation of TFR which shows increase of
0.5vpu at 0.05s and drops back to normal amplitude (1vpu) at 0.15s.

Voltage variations identification using gabor transform and rule-based classification method (Weihown Tee)
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Figure 2. Gabor transform based plots for pure

Figure 3. Gabor Transform based plots for
sine wave

voltage swell

4.3. Voltage sag

Figure 4 depicted the voltage sag and its Gabor Transform based plots. Sag can be observed from
the contour where the magnitude of the contour drops from 0.05s to 0.15s where yellow contour indicates
higher magnitude while blue contour indicates lower magnitude. From the RMS voltage pu graph shows sag
duration between 0.05s to 0.15s which helps to identify and detect the occurrence of voltage sag effectively.

4.4. Voltage interruption

Interruption of voltage can be observed in Figure 5. In voltage amplitude plot, there shows total
interrupted voltage waveform from 0.05s to 0.15s. A discontinuity in TFR contour from 0.05s to 0.15s shows
that voltage interruption occurs where there is total loss in magnitude within the interruption period.

The RMS voltage pug graph shows decrease of voltage as well to approximately zero during the interruption
before returning to normal.

Voltage Amplitude
T

Voltage Amplitude
T T T ~ 500 T T T T
S S
[} (9]
2 o | , | | | S 500 . | | | |
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s) Time (s)
Voltage TFR < Voltage TFR
T 150 T 9 . . T 150 . 9 . .
> . > 1 L
g 100 é 00
g 50 S
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s) Time (s)
15 RMS Voltage 15 RMS Voltage
S 1. T 51 T T T
Q Q
O e o 1
oD o
805 S051
S % . . . . . S, ‘ . ‘ ‘ . ‘ ‘
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s) Time (s)

Figure 4. Gabor transform based plots for voltage sag ~ Figure 5. Gabor Transform based plots for voltage

interruption

4.5. Classification by using rule-based classifier

In this study, the features which can characterize the PQ disturbances was developed based on
the Gabor Transform contour. First, the RMS voltage was calculated from the TFR of GT as first set of
features. These features will be used to identify the class of PQ disturbance based on the pattern of
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the waveform according to IEEE Standards. Then, the maximum values in GT matrix were extracted as
second set of features. It is noted that the maximum values plotting of GT is closely resemble to the RMS
voltage values plotting. The procedure of the classification process is presented as in Figure 6.

PQ Features —

}

Perform classification according
to the rules

}

Rules
satisfied?

l‘n"es

Classes of PQ disturbances

Figure 6. Flowchart of rule-based classifier

From these sets of features, four features namely F1, F2, F3 and F4 were selected.
The characteristics of the features were selected accordingly from the maximum values plotting as stated in
IEEE Std 519-2009, IEEE Recommended Practice for Monitoring Electric Power Quality. The features
description is presented in Table 2. This study uses rule-based classifier to classify the PQ disturbance or
the voltage variations events. The classification of voltage variations will be performed accordingly based on
the IF-THEN rules as presented in Table 3.

Table 2. Description of features
Features  Description

F1 Values for data below 0.90 in the graph of maximum values
F2 Values for data above 1.10 in the graph of maximum values
F3 The minimum values below 0.90 in the graph of maximum values
F4 The maximum values above 1.10 in the graph of maximum values

Table 3. Description of rules

Rules  Description

R1 If (F1=0), (F2=0), (0.90<F3<1.10) and (0.90<F4<1.10) then output is C1 (Pure Sine Wave)
R2 If (F1>0) or (F2>0), (0.90<F3<1.10) and (F4>1.10) then output is C2 (Voltage Swell)

R3 If (F1>0) or (F2>0), (F3<0.90) and (0.90<F4<1.10) then output is C3 (Voltage Sag)

R4 If (F1>0) or (F2>0), (F3<0.1) and (0.90<F4<1.10) then output is C4 (Voltage Interruption)

From the Gabor Transform, the matrices for each case can be obtained from the time frequency
representation. The values extracted are named as maximum values in GT matrix and used as features for this
analysis. The maximum values in GT matrix for each event is plotted in and compare with RMS voltage
graph as shown in Table 4. The results of classification showed that eighty numbers of voltage signals (pure
sine wave, voltage swell, voltage sag and voltage interruption) were successfully detected and classified with
classification accuracy of 100% respectively. The results of the classification are tabulated in Table 5.

Based on the results in Table 5, it was proven that the method of using maximum values in Gabor
Transform matrix can detect and classify the voltage variation. The rule-based rules are implemented
according to the IEEE Std with the features of maximum values in Gabor Transform matrix. The Gabor
matrices of the voltage variation are plotted completely by their total number of nonzero elements which
depends on the signal length as well as signal pattern where the matrices are associated with the matrix of
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window values along with the Gabor time slice. The output of Gabor Transform analysis is presented in
complex form matrix where rows and columns present frequency and time data respectively. The information
from the time-frequency contours will produce maimum Gabor Transform values. The oritentation of this is
used to compare the graph plotting pattern with actual RMS graph of each case as shown in Table 4.

Table 4. Graph comparison between maximum values in GT matrix and RMS voltage of each case
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Table 5. Results on classification of voltage variation

Class Description Number of signals  Classification accuracy (%)
C1 Pure Sine Wave 20 100
c2 Voltage Swell 20 100
C3 Voltage Sag 20 100
C4 Voltage Interruption 20 100

As can be seen in Table 4, the GT matrices of swell case show increase of values when time
approaching 0.05s and drop back to normal average value around 0.15s. The increment of values form
pattern similar with RMS voltage graph for swell signal. For voltage sag case, the GT matrices show
a decrement of values around period in between 0.05s to 0.15s. As similar to the RMS voltage graph for
voltage sag, the graph shows dropping in values in between period 0.05s to 0.15s and increases back to
norminal value after that. In voltage interruption, the GT matrices values drop to zero within the 0.05s to
0.15s period. This pattern is understandable to be similar to RMS voltage pattern of voltage interruption
where the values come to a halt during 0.05s to 0.15s period. From the results, the method of using maximum
values of GT is applicated as the results pattern are similar to RMS voltage graphs calculated. This study has
proven too that the voltage variation can be classified without using complicated classifier and method.
Without using much features from the time frequency distribution, which may increase the computation time
and memory of the system, the application of features of maximum values of GT matrices can contribute and
provide appropriate information for the classification by using rule-based classifier.

5. CONCLUSION

In this paper, an easier method and technique to detect and classify voltage variation signals is
introduced. The advantage of this technique is that it can be performed by other time-frequency analysis
technique to acquire the features. Gabor Transform is used as it offers result of analysis in both time and
frequency domains where features can be extracted from the matrixes. The features are then be used by rule-
based classification method to detect and classify the disturbance waveforms respectively. The results
obtained from the classification showed that the method and idea have good classification accuracy.
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