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Abstract: This paper proposes a new technique based on S-transform time-frequency analysis and Fuzzy expert system for
classifying power quality (PQ) disturbances. The S-transform is a new time frequency analysis method. It has the features of
both continuous wavelet transform (CWT) and short time Fourier transform (STFT). Through S-transform time-frequency
analysis, a set of feature components are extracted for identifying PQ disturbances such as; the amplitude of the S-transform
matrix and the total harmonic distortion (THD). The two parameters are the inputs to Fuzzy-expert system that uses some rules
on these inputs to characterize the PQ events in the captured waveform (e.g. sag, swell, interruption, surge, sag with harmonic
and swell with harmonic). Several simulation using Matlab environment and practical data are used to validate the proposed
technique. The results depict that the proposed technique has the ability to accurately identify and characterize PQ disturbances.
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1. Introduction

In a power system; switching, faults, dynamics, or
nonlinear loads cause various types of power quality (PQ)
disturbances such as surges, harmonics, interruptions, sags,
swells, etc. [1]. In order to improve the quality of power
supply, it is necessary to make clear the sources and causes of
PQ disturbances before appropriate mitigating actions can be
taken. To analyze PQ disturbances, short time discrete
Fourier transform (STFT) [2, 3] is mostly often used. This
transform has been successfully used for stationary signals
where properties of signals do not evolve in time. For non-
stationary signals, the STFT does not track the signal
dynamics properly due to the limitations of a fixed window
width chosen in advance. Thus, STFT cannot be successfully
used to analyze transient signals comprising both high and
low-frequency components.

On the other hand, wavelet transform [4- 6] is a notable
tool for detection, localization and classification of the
disturbances. However, the noises will lower down the

performance of wavelet as the spectrum of noises overlaps
with that of power quality disturbances.

Kalman filter can be employed to detect and to analyze
voltage event [7, 8]. The results of Kalman filter depend on the
model of the system used as well as the appropriate selection of
the filter parameters is not guaranteed, the rate of convergence of
the results will be slow or the results will diverge.

The S-transform (ST) [9-11] is an extension of continuous
wavelet transforms (CWT) and STFT. Because of its good
time-frequency characteristic, it is very adequate for PQ
disturbances analysis and classification. The classification of
PQ disturbances can be done by applying artificial intelligent
techniques like artificial neural network [12], Fuzzy logic
[13], and support vector machine (SVM) [14].

This paper proposes a Fuzzy expert system for making a
decision based on the features extracted from S-transform.
These features are the amplitude of the captured waveform
and the total harmonic distortion. The tested waveforms are
generated using Matlab environment software and also an
IEEE practical data.
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2. The Proposed Classification
Methodology

The block diagram of the proposed system as shown in Fig.

1 comprises two stages to: (i) evaluate the value of amplitude
and total harmonic distortion (THD) of the captured wave
using S-transform equations and (ii) classify the disturbance
using Fuzzy-expert system according to the evaluated values.

Captured Waveform Amplitude | FuzzyExpert | Waveform class
> —,
— & -
Sl THD 5 (Normal, Sag, etc)
» ystem —
(Harmonic Index)

Rule-Base

Figure 1. The block diagram of the proposed system

2.1. The S-Transform

Let P[kT], k=0,1,....,N—1 denote a discrete
time P(t), with a time sampling interval of T. The discrete
Fourier transform of the signal can be obtained as follows:

1 _ _ i2nnk
P[2]=txiarane R )
where, n=0,1,.....,N—1 and the inverse discrete
Fourier transform is:
1 (iznnk)
PLKT] =2 $N3P(n/meCH ) ()

In the discrete case, the S-Transform is the projection of
the vector defined by the time series P(KT), onto a spanning
set of vectors, the spanning vectors are not orthogonal and
the elements of the S-Transform are not independent. Each
basis vector (of the Fourier transform) is divided into
localized vectors by an element- by- element product with
the shifted Gaussians, such that the sum of these localized
vectors is original basis vector. The S-Transform of a discrete
time series P(KT) is given by [15]:

i2mmj
S %.jT] =% YN LP(m +n/nT) G(n, m)e( ) 3)
where G(n,m) = e~@™'m*/n*) — Gaussian function and

jmn=20,1,.... ,N—1.
The following steps are adapted for computing the discrete
S-Transform:

1 Perform the discrete Fourier transform of the original
time P(KT) (with N points and sampling interval T to
get P(m/nT) using the FFT routine. This is only done
once.

2 Calculate the localizing Gaussian G(n,m) for the
required frequency (%).

3 Shift the spectrum P(m/nT) to P(m +n/nT) for the
frequency n/nT (one point addition)

4 Multiply P(m + n/nT) by G(n,m) to get B(——,~) (N
multiplication).

5 Inverse Fourier transforms of B(nn—T ,%) m/NT to j to
give the row of § [nn—T, JT] corresponding to
frequency n/nT.

6 Repeat steps 3, 4, and 5 until all the rows of S [%, JjT]
corresponding to all discrete frequencies n/nT have
been defined.

From Equation (3), it is seen that the output from the S-
transform is a (N X M) matrix called the S-matrix whose
rows pertain to frequency and columns to time. Each element
of the S-matrix is complex valued. The choice of windowing
function is not limited to the Gaussian function; other
windowing functions are also implemented successfully.

2.2. The Fuzzy Expert System

Fuzzy logic [16, 17] refers to a logic system which
represents knowledge and reasons in an imprecise or Fuzzy
manner for reasoning under uncertainty. Unlike the classical
logic systems, it aims at modeling the imprecise modes of
reasoning that play an essential role in the human ability to
infer an approximate answer to a question based on a store of
knowledge that is inexact, incomplete, or not totally reliable.
It is wusually appropriate to use Fuzzy logic when a
mathematical model of a process does not exist or does exist
but is too difficult to encode and too complex to be evaluated
fast enough for real time operation. The accuracy of the
Fuzzy logic systems is based on the knowledge of human
experts; hence, it is only as good as the validity of the rules.
Fig. 2 shows the construction of Fuzzy expert system.

. . . L)
Fuzzificatio lnterface Defuzzification
Crisp Interface Engine Interface | Crisp
Input A Output
Y

Fuzzy rule-
base

Figure 2. The construction of a Fuzzy expert system

2.3. Implementation of the Proposed Methodology

Many analysis results of PQ disturbances could be
n

obtained from ST matrix, S [ﬁ' jT]. The first extracted
parameter is the amplitude 'A' which is the locus of
maximum value of elements present in the column of the S-
matrix corresponding to the time. The total harmonic
distortion (THD) is the second extracted parameter. It is

calculated using the FFT routine, Equation (1) where,

VE+vZ+vZ 4t
THD = ————

V1

4)

Where, v, is the fundamental wave amplitude,
V3, V3, Vs, ..., Uy are the other frequencies (harmonic) order
amplitudes.

For classifying the disturbance waveforms, five Fuzzy sets
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are chosen for the amplitude A, the first input of Fuzzy-
expert, designated as VSA (very small amplitude), SA (small
amplitude), NA (normal amplitude), LA (large amplitude),
and VLA (very large amplitude). The total harmonic
distortion (THD), the second input of Fuzzy-expert, has two
Fuzzy sets that are designed as (Small value of THD) and
(Large value of THD).

The input variables membership functions of the Fuzzy
expert system are shown in Figs. 3 and 4.

Degree of membership
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Figure 3. The First input membership function
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Figure 4. The second input membership function
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Figure 5. The first Fuzzy output membership function

The output membership function is defined by five sets.
These sets are designated as interruption, sag, normal, swell,
and surge.

The first output of the Mamdani Fuzzy system, Fig. 5, can
assume values between 0 and 2 for the output, where,

Interruption = 0, Sag= 0.5, Normal = 1, Swell = 1.5, Surge
=2.

The second output of the Mamdani Fuzzy system, Fig. 6,

can assume values between 0 and 1 for the output where,
Pure wave = 0, Distorted wave =1.

T T
. Pure Wave Distorted Wave

Degree of membership
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Output #2

Figure 6. The second Fuzzy output membership function

The parameters of amplitude membership function are

determined according to the definition of each PQ event.

The brief rule sets of Fuzzy expert system are below:

1 If Input #1 is SA and the Input #2 is Small value, Then
the output #1 is Sag, and the output #2 is (pure wave)

2 If Input #1 is VSA and the Input #2 is Small value,
Then output #1 is Interruption, and output #2 is (pure
wave)

3 If Input #1 is LA and Input #2 is Small value, Then
output #1 is Swell, and output #2 is (pure wave)

4 If Input #1 is VLA and Input #2 is Small value, Then
output #1 is Surge, and output #2 is (pure wave)

5 If Input #1 is NA and Input #2 is Small value, Then
output #1 is Normal, and output #2 is (pure wave)

6 If Input #1 is NA and Input #2 is Large value, Then
output #2 is (Distorted wave)

7 If Input #1 is SA and Input #2 is Large value, Then
output #1 is Sag, and output #2 is (Distorted wave)

8 If Input #1 is LA and Input #2 is Large value, Then
output #1 is Swell, and output #2 is (Distorted wave)

3. Simulation Results

In this study, power quality disturbances signals are seven
signal disturbances including voltage sag, swell, interruption,
surge, harmonic distortion, sag with harmonic and swell with
harmonic.

The generated waveform has a frequency of 50 Hz and the
voltage waveform sampled at a rate of 1.6 kHz, ie. 32
samples per cycle. The general equation of generated wave
form is:

S(t) = Ay sin(wt) + A, sin(3wt) + A5 sin (5wt) (5)

where, A, is the amplitude of the fundamental wave and
equal to 1 p.u, and 4, & A; are the amplitudes of the third
and fifth harmonic order imposed on the fundamental sine
wave. The following case studies are presented to illustrate
the aptness of the proposed system.
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3.1. Normal Voltage

The normal voltage is the rated operating voltage at rated
frequency, also there is not any PQ disturbance on the
fundamental wave. The general equation form of the
generated wave is S(t) = A; sin(wt), where, A; =1 p.u
and putting A, & A3 equal to zero as shown in Fig. 7-a. Fig
7-b shows the output of the S transform by searching the
maximum of each column of the S matrix. Fig. 7-c shows the
frequency contour of the captured wave using FFT analysis.
The period of disturbance and the total output of the Fuzzy
expert system are shown in the Figs. 8-a, 8-b and 8-c,
respectively. From Fig 8-a, the magnitude equals one all
over the period which is Normal. The second Fuzzy output
equals zero, this means that the waveform does not contain
harmonic distortion.
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Figure 7. Normal voltage: (a) waveform, (b) magnitude time spectrum and
(c) frequency contour
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Figure 8. Normal voltage: (a) disturbance duration, (b) Fuzzy output #1 (c)
Fuzzy output #2

3.2. Voltage Sag

Voltage sag is a decrease of 10-90% of the rated system
voltage for duration of 0.5 cycles to 1 min. The generated
wave equation is S(t) = A, sin(wt), where, A; = 1 p.u. and
A, & A3 are equal to zero. By applying a decrease to the
voltage magnitude to be 0.5 p.u for 3 cycles as shown in Fig.
9-a. Figs. 9-b and 9-c show the output of S transform and the
frequency contour of the captured wave in order to calculate
the total harmonic distortion. Fig. 10-a shows the period of

disturbance while Fig. 10-b gives the classification of
disturbance according to the amplitude. In this case the
magnitude drop from one to 0.5 which means that the
waveform contains sag. The second Fuzzy output equals zero,
this means that the waveform does not contain harmonic
distortion as shown from Fig. 10-c.
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Figure 9. Voltage sag: (a) waveform, (b) magnitude time spectrum, (c)
frequency spectrum
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Figure 10. Voltage sag: (a) disturbance duration, (b) Fuzzy output #1 (c)
Fuzzy output #2
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Figure 11. Voltage swell: (a) waveform, (b) magnitude time spectrum, (c)
frequency spectrum
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Figure 12. Voltage swell: (a) disturbance duration, (b) Fuzzy output #1 (c)
Fuzzy output #2

3.3. Voltage Swell

In the case of voltage swell, there is a rise of 10 to 90% in
the voltage magnitude for 0.5 cycles to 1 min. the equation of
the generated wave is S(t) = 1 sin(wt) and A, & A; are
equal to zero. Increasing of the voltage to 1.5 p.u for three
cycles, the magnitude rises from one to 1.5 p.u as shown in
Figs. 11-b and 12-b, this means that the waveform contains
swell. The second Fuzzy output equals zero, this means that
the waveform does not contain harmonic distortion.
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Figure 13. Voltage interruption: (a) waveform, (b) magnitude time spectrum
and (c) frequency spectrum
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Figure 14. Voltage interruption: (a) Disturbance duration, (b) Fuzzy output
#1 and (c) Fuzzy output #2
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Figure 15. Voltage distortion: (a) waveform, (b) magnitude time spectrum
and (c) frequency spectrum
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Figure 16. Voltage distortion: (a) disturbance duration, (b) Fuzzy output #1
and (c) Fuzzy output #2

3.4. Voltage Interruption

An interruption may be seen as a loss of voltage on a
power system. Such disturbance describes a drop of 90-100%
of the rated system voltage for duration of 0.5 cycles to 1 min.
The generated wave equation is S(t) = 1 sin(wt) with
A, & A5 are equal to zero. By applying an interruption for
three cycles as shown in Fig. 13-a, the magnitude drop from
one to zero is shown in Figs. 13-b and 14-b. Fig. 14-c
illustrates the second Fuzzy output, in this case the harmonic
index of the captured wave is equal to zero. So, the wave is
pure.

3.5. Voltage Distortion

Distortion of the voltage waveform occurs when the
harmonic is generated. This is done by adding the third
harmonic to the original sine wave so that the generated wave
is represented by S(t) =1 sin(wt) + A, sin (3wt) with
A, = 0.105 p.u and the total harmonic distortion is 10%. Fig.
15-a shows the waveform with a third harmonic for nine
cycles while Fig. 16-c shows the second Fuzzy output, in this
case the harmonic index of the captured wave is equal to one.
Hence, the wave is distorted.
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3.6. Sag with Harmonics

The sag with harmonic disturbance is done by adding the
third harmonic to a sag waveform so that it can be
represented by the equation S(t) = 1 sin(wt) + A, sin (3wt)
with A, = 0.105 p.u. Fig 17-a shows the generated
waveform with a sag of 0.5 p.u and a third harmonic for the
three cycles. Hence, the total harmonic distortion is 10%.
Fig. 18-b shows the first Fuzzy output, in this case, the
amplitude is decreased from 1 to 0.5 p.u which means sag.
The second Fuzzy output is shown in Fig. 18-c with
harmonic index of the captured wave equals one so that the
wave is distorted.

(a) (b) (c)
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Figure 17. Sag with harmonic: (a) waveform, (b) magnitude time spectrum
and (c) frequency spectrum
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Figure 18. Sag with harmonic: (a) disturbance duration, (b) Fuzzy output #1
and (c) Fuzzy output #2

3.7. Swell with Harmonic

The swell with harmonic is done by adding the third
harmonic to a sag wave and is represented by the equation
S(t) = A; sin(wt) + A, sin (3wt) with A; =1 pu and
A, = 0.105 p.u. Applying swell of 1.5 p.u and a third
harmonic for three cycles so that the total harmonic distortion
is 10% as shown in Fig. 19-a. The first Fuzzy output shown
in Fig. 19-b illustrates an increase of the amplitude of the
waveform from 1 to 1.5 p.u which means swell. The second

Fuzzy output equals one, this means that the waveform
contains harmonic distortion.
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Figure 19. Swell with harmonic: (a) waveform, (b) magnitude time spectrum
and (c) frequency spectrum
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Figure 20. Swell with harmonic: (a) disturbance duration, (b) Fuzzy output
#1 and (c) Fuzzy output #2
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Figure 21. Voltage surge: (a) waveform, (b) magnitude time spectrum and (c)
frequency spectrum

3.8. Voltage Surge

The surge occurs when the amplitude is suddenly
increased from 1 to 3 p.u .for one-quarter cycle. In this case,
the waveform 1is represented by S(t) = A;sin(wt) +
A, sin (3wt) withA; =1, A, =0 p.u. The amplitude is
suddenly increased from 1 to 3 p.u as shown in Fig. 21-b.
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The first Fuzzy output shown in Fig. 22-b demonstrates a
rises in amplitude to be (two) which indicate a case of surge.
The second Fuzzy output equals zero, this means that the
waveform does not contain harmonic distortion and the
results are shown in Figs. 21 and 22.

(a) (b) (c)
2 3 2
25 1 15
- 15
S - o
o o
5 2 2
3 1 515 135
% o o
2 J 3 05
= N N
® z ! I
Q05
0.5 1 0
0 0 - -0.5 -
0 0.1 0 0.1 0 0.1
Time (sec) Time (sec) Time (sec)

Figure 22. Voltage surge: (a) disturbance duration, (b) Fuzzy output #1 and
(¢) Fuzzy output #2

4. Practical Data Results

This section presents some of results obtained by applying
the new approach on practical data. The practical data are
obtained from the IEEE Project Group 1159.2 [19]. The
sample frequency used is Fg = 15360 Hz, or 256 samples per
60 Hz cycle.

4.1. Case Study #1

Considering the captured waveform doesn’t have any
disturbance as shown in Fig 23-a. The Fuzzy first output is
one which is normal and the second Fuzzy output equals zero,
as shown in Fig. 24. This means that the waveform does not
contain harmonic so that the wave is pure.
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Figure 23. Case #1: (a) waveform, (b) magnitude time spectrum and (c)
frequency spectrum

4.2. Case Study #2

In this case study, the sag in voltage waveform is detected
using the S transform and is characterized using the results of

Fuzzy expert system. Fig. 25-a shows the voltage waveform
with voltage sag. Fig. 26-b shows the output of the Fuzzy
system which equals 0.5. This means that the waveform
contains sag. The output #2 of Fuzzy expert system equals
zero, this means that this waveform does not contain a
harmonic distortion.
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Figure 24. Case #1: (a) disturbance duration, (b) Fuzzy output #1 and (c)
Fuzzy output #2
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Figure 25. Case #2: (a) waveform, (b) magnitude time spectrum and (c)
frequency spectrum
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Figure 26. Case #2: (a) disturbance duration, (b) Fuzzy output #1 and (c)
Fuzzy output #2

4.3. Case Study #3

The voltage waveform of this case is shown in Fig. 27-a.
This waveform contains the sag power quality event with
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harmonics. As can be seen in Fig 28, the Fuzzy output clearly
points the sag PQ event in the waveform, Fuzzy output #1is
equal to 0.5 which refers to sag. The output #2 of Fuzzy
expert system equals one, this means that the waveform
contains harmonic.
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Figure 27. Case #3: (a) waveform, (b) magnitude time spectrum and (c)
frequency spectrum

(a) (b) (c)
2 1.5 1.5
1.8
1.6
1.4
S ~ 1 o~ 1
® T+ *
2 1.2 §_ g
° £ £
g ¢ °
£ 08 ] R
- =] 35
g 0.6 L 0.5 L 0.5
0.4
0.2
0 - 0 - 0 -
0 0.05 0 0.05 0 0.05
Time (sec) Time (sec) Time (sec)

Figure 28. Case #3: (a) disturbance duration, (b) Fuzzy output #1 and (c)
Fuzzy output #2
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Figure 29. Case #4: (a) waveform, (b) magnitude time spectrum and (c)
frequency spectrum

4.4. Case Study #4

In this case, the test waveform contains two power quality

events; sag and harmonic distortion, with different harmonic
order as shown in Fig 29-a. The output of S-transform is
shown in Fig. 29-b. The duration of the disturbance is shown
in Fig. 30-a. Fig. 30-b shows the first Fuzzy output which
equals 0.5. This means that the waveform contains sag. The
second Fuzzy output equals one, i.e. the wave form is
distorted.

(a) (b) (c)
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Figure 30. Case #4: (a) disturbance duration, (b) Fuzzy output #1 and (c)
Fuzzy output #2

5. Comparison Between the Proposed
Technique and Previous Published
Works

By comparing the performance of the proposed technique
with those of other methods used for classification and
identification of PQ disturbance such as the WT-based ANN
method [6], WT and rule-based methodology [18], it is found
that, there are a lot of parameters (more than 50 parameters)
had to be determined to classify power disturbances in the
previous mentioned methods. In this paper, using the ST-
based method, five types of single disturbance and two
complex disturbances (sag with harmonic and swell with
harmonics) can be classified using less number of calculated
parameters which make the calculation period too short. On
the other hand the wavelet transform coefficients at every
scale belong to scope frequencies, not to a single frequency.
Hence, it could not count the frequency amplitude accurately.
ST has better frequency distinguish ability than WT. It is
easily to identify the fundamental frequency of the of the
disturbance signal of voltage sag, swell, and interruption and
the other frequencies in case of harmonics providing a better
visual disturbance degree comparing to DWT.

6. Conclusions

This paper presents a hybrid technique for characterizing
PQ disturbances. The hybrid technique is based on S-
transform for extracting two parameters, amplitude and
harmonic indication from the captured distorted waveform.
The two parameters are the inputs to Fuzzy-expert system
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that uses some rules on these inputs to characterize the PQ
events in the captured waveform. The results show that the
proposed hybrid technique has the ability to identify and
classify the power system disturbances with high accuracy
and small computation time comparing with other methods.
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