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Abstract: This paper introduces a power quality (PQ) detection and categorization algorithm actuated
by multiple signal processing techniques and rule-based decision tree (RBDT). This is aimed to
recognize PQ events of simple nature and higher order multiplicity with less computational time
using hybridization of the signal processing techniques. A voltage waveform with a PQ event (PQE)
is processed using the Stockwell transform (ST) to compute the Stockwell PQ detection index (SPDI).
The voltage waveform is also processed using the Hilbert transform (HT) to compute the Hilbert
PQ detection index (HPDI). A voltage waveform is also decomposed using the Discrete Wavelet
transform (DWT) to compute the classification feature index (CFI) [CFI1 to CFI4]. A combined
PQ detection index (CPDI) is computed by multiplication of the SPDI, the HPDI and CFI1 to CFI4.
Incidence of a PQE on a voltage signal is located with the help of a location PQ disturbance index
(LPDI) which is computed by differentiating the CPDI with respect to time. CFI5, CFI6 and CFI7
are computed from the SPDI, the HPDI and the CPDI, respectively. Categorization of PQ events is
performed using CFI1 to CFI7 by the rule-based decision tree (RBDT) with the help of simple decision
rules. We conclude that the proposed algorithm is effective to identify the PQE with an accuracy of
98.58% in a noise-free environment and 97.62% in the presence of 20 dB SNR (signal-to-noise ratio)
noise. Ten simple nature PQEs and eight combined PQ events (CPQEs) with multiplicity of two, three
and four are effectively detected and categorized using the algorithm. The algorithm is also tested to
detect a sag PQ event due to a line-to-ground (LG) fault incident on a practical distribution utility
network. The performance of the investigated method is compared with a DWT-based technique
in terms of accuracy of classification with and without noise, maximum computational time of PQ
detection and multiplicity of PQE which can be effectively detected. A simulation is performed
using the MATLAB software. MATLAB codes are used for modelling the PQE disturbances and the
proposed algorithm using mathematical formulations.

Keywords: discrete wavelet transform; distribution system; Hilbert transform; power quality event;
rule-based decision tree; Stockwell transform
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1. Introduction

Power quality (PQ) has emerged as a great challenge for power system operators. The
PQ events (PQE) originate due to small and predictable changes, or large magnitude sud-
den changes occur on the electric grid. Recent development of consumer-electronics-driven
use of electrical power introduces unprecedented challenges for the electrical grid func-
tions. The electronics-driven consumer devices act as nonlinear loads and inject harmonic
currents into the network of the electrical grid and cause PQEs, such as flicker, abrupt
voltage changes, transients, and harmonics. Increased penetration of renewable energy
sources (RES) into the network of the electrical grid generates PQEs [1]. PQ problems may
lead to a malfunction of power system equipment, create serious disruption in the paper
and semiconductor industry, and cause malfunctioning in industries such as computer,
telecommunication, electronics manufacturing, pharmaceutical and data processing centers.
This causes high financial loss and technical bottlenecks [2]. Hence, PQ disturbances need
to be detected and classified accurately so that necessary mitigation actions may be initiated.
Signal processing techniques and intelligent methods play important roles to achieve this
objective. Critical analysis and comparative study of different techniques for detection
and categorization of PQEs is reported in [3]. In [4] where the authors discussed a wide
review of signal processing and soft computing techniques implemented for detection
and categorization of causes of PQ events. A comparative study of the existing methods
available in the literature is compiled. Further, major concerns and obstacles of the existing
techniques for categorization of PQEs are examined and discussed in detail. In [5], the
authors introduced a hybrid demodulation technique and harmonic analysis for detection
and categorization of single PQEs and combined PQ events (CPQEs). A MUSIC harmonics
algorithm is implemented for detection of various harmonic components. Transient, sag,
swell harmonics and their combinations are effectively recognized in real time. Performance
of the technique is good for recognition of the PQ disturbances of single stage and multiple
stages as well. However, performance is degraded for PQ events having three or more
stages. In [6], the authors designed a discrete wavelet transform (DWT) and fast Fourier
transform (FFT) integrated technique to detect and classify the PQEs. DWT coefficients are
used for calculating the average energy entropy of squared detailed coefficients which is
used to initially detect and classify PQEs in four categories related to sag, swell, interruption
and harmonics. FFT-based features are used for further classification of PQEs in each group.
The classifier is effective to achieve 99.043% classification accuracy. However, performance
of the method is degraded in the presence of noise. Accuracy becomes as low as 90% in the
presence of noise at 20 dB SNR. In [7], the authors designed an architecture named single
shot PQ detection (SSPQD) for detection and categorization of PQEs which eliminated the
requirement of a sliding window. Overall accuracy of 96.55% is achieved using SSPQD.
This method has relatively lower accuracy of recognition of the PQ events. It is more
suitable for the primary distribution but has limitations for the secondary distribution
network where large number of PQ disturbances are observed. In [8], the authors designed
a dual tree complex wavelet transform (DTCWT) and support vector machine (SVM)-based
technique to accurately detect and classify different single-stage PQEs and CPQEs, includ-
ing transient, flicker, MI, swell, sag, harmonics and their combinations. This method has
limitation for detection of the single-stage PQ events and PQ events of two stages. In [9],
authors designed a hybrid algorithm using DWT and ST to detect and categorize the PQEs
in real-time scenarios. This method is applicable for recognition of single-stage PQ events,
and performance is degraded in the presence of noise. Different techniques for detection,
classification and monitoring of PQEs in real time are reported in [10-12]. In [13], the
authors designed a modified ST (MST) technique for recognition of PQ events based on
the use of energy concentration of a signal and the frequency interval. This method has
limitations of detection of PQ disturbances which involve the voltage magnitude change
and transient components. In [14], the authors designed a sequential and multivariate
method for real-time detection and classification of PQ disturbances in power delivery
systems. This method has limitations of detecting the PQ events with more than five cycles.
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Accuracy of the method is decreased for PQ disturbances with a time duration less than
a five-cycle period. In [15], the authors designed a practical heuristic methodology for
detection and classification of PQ events using empirical wavelet transform (EWT) and
support vector machine (SVM) method. This is effective to detect single-stage PQ events.

After detailed and in-depth review of the algorithms and techniques discussed in the
above paragraphs, we determined that existing signal-processing-based PQ identification
techniques use weight factors and computational complexity on the higher side. This
research gap has been considered for investigations in this paper, andthe following are the
main research contribution points.

¢ A PQ detection and categorization algorithm actuated by multiple signal processing
techniques and rule-based decision tree (RBDT) is designed. This uses the processing
of voltage waveform with PQE using ST, HT and DWT. RBDT is used for categorization
of PQEs.

*  The algorithm has the advantage of replacing the weight factor by the features com-
puted from the PQE signal, and the computational burden is reduced. Hence, the
weight factor requirement has been eliminated. The selected features effectively
classify the PQEs with high accuracy and low computational time of 0.080564 s.
Hence, accuracy as high as intelligent techniques was achieved using a simple nature
RBDT classifier.

¢  The algorithm is effective to identify the PQEs with an accuracy of 98.58% in a noise-
free environment and 97.62% in the presence of 20 dB SNR (signal-to-noise ratio).

*  The algorithm effectively detected and categorized the ten simple nature PQEs and
eight CPQEs.

¢ The algorithm is also tested to detect a sag PQ event due to an LG fault incident in a
practical distribution utility network.

* A comparative study of the investigated method with a DWT-based technique is per-
formed, and it is established that the investigated method performs better compared
to a DWT in terms of accuracy of classification with and without noise, maximum
computational time of PQ detection and multiple PQEs.

This paper includes the contents in eight different headings. Section 1 is the Intro-
duction where a basic introduction to the research area considered for investigation, a
review of the literature, research gaps, research contribution and paper structure is dis-
cussed. Mathematical formulations for generation of PQEs are discussed in Section 2. The
designed algorithm actuated by multiple signal processing techniques to recognize PQEs
and different mathematical formulations are elaborated on in Section 3. Simulation results
for PQE detection are elaborated on in Section 4. Section 5 discussed the classification
of PQEs. Validation of the PQE recognition algorithm on real-time data of a distribution
utility network is included in Section 6. A performance comparative study is discussed in
Section 7. Concluding remarks of the research work are included in Section 8.

2. Mathematical Formulation for Generation of PQE

A voltage signal without a power quality event (PQE) and voltage signal with a single-
stage PQE are generated using the mathematical models reported in [16]. The mathematical
formulations of various PQEs used for validation of the proposed method are detailed in
this section. Abbreviations used in the mathematical formulations are detailed here: A:
amplitude; f: frequency; V: voltage; T: time period; T: time constant; w: angular frequency;
and u(t): unit step function .

1. Voltage waveform without PQE is modeled using the below expression.
V(t) = Asin(wt) 1)
2. Voltage waveform with a sag PQE is modeled using the below expression.

V(t) = (1 —a(u(t - t) — u(t — t)))sin(wt) €
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3. Voltage waveform with a swell PQE is modeled using the below expression.
V(t) =1 +a(u(t—t)—u(t—1t)))sin(wt) 3)
4. Voltage waveform with a momentary interruption PQE is modeled using the below
expression.
V() = (1 —a(u(t —t1) —u(t — t)))sin(wt) )
5. Voltage waveform with harmonics PQE is modeled using the below expression.
V(t) = aysin(wt) + azsin(3wt) + assin(5wt) + azsin(7wt) ()
6. A voltage waveform with flicker PQE is modeled using the below expression.
V(t) = (1 +agsin(Bwt))sin(wt) (6)
7. A voltage waveform with an oscillatory transient PQE is modeled using the below
expression.
(t=t1)
V(t) = sin(wt) +ae = sinwy (t — t1){u(tr — u(t1))} @)
8. A voltage waveform with an impulsive transient PQE is modeled using the below
expression.
. (t=t1) (t=ty)
V(t) =sin(wt) +ae = —wae 7 {u(tr —u(ty))} 8)
9. A voltage waveform with a notches PQE is modeled using the below expression.
9
V(t) = sin(wt) — sign(sin(wt)) x | Y K x {u(t — (t; +0.02n)) — u(t — (t, +0.02n))} )
n=0
10. A voltage waveform with a spikes PQE is modeled using the below expression.
9
V(t) = sin(wt) + sign(sin(wt)) x | Y K x {u(t — (1 +0.02n)) — u(t — (t, +0.02n))} (10)
n=0

PQEs with multiplicities of two, three and four are generated by a combination of PQEs

modelled using the above detailed Equations (1) to (10). Parameters defined in the standards
of power quality (PQ) and simulated parameters of the voltage signal with and without a
PQE are detailed in Table 1. The parameters of a PQE reported in [17] are used to simulate
the PQEs investigated in this paper. PQEs having multiplicity two, multiplicity three and
multiplicity four are simulated by hybridization of the mathematical models described in
Table 1.
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Table 1. Standard and simulated parameters of PQEs.

Power Quality Event

PQE Parameters

Standard

Simulated

Voltage waveform without PQE

w =2mnf

A =1pu, f =50Hz

Voltage sag PQE

01<a<09T<th—t; <9T

« =03t =0.06,t, =0.14

Voltage swell PQE

01<a<08T<th—t; <9T

« =03t =0.06,t, =0.14

Voltage Momentary interruption PQE

09<a<10,T<thp—t <9T

« =095t = 0.06,t, = 0.14

Voltage harmonics PQE

0.1 S 3,5, X7 S 0.15

a3 = 0.05,a5 = 0.10,a7 = 0.15

Voltage flicker PQE

01<a;<025<B<20Hz

ap=015,=15

Oscillatory transient PQE

01 <a<08,005T <t —t; <3T,8ms < 7 <40ms,300 < f,, <900 Hz

« =08t = 008,71 =002t =010

Impulsive transient PQE

1<a<10,005T <t —t; <3T,8ms < 7 <40ms

« =10,t; = 0.085, 7 = 0.02,t, = 0.088

Voltage notches PQE

01<K<04,0<ty,t, <05T,0.01T <t —t; <0.05T

K =04,t; = 0.006,t, = 0.0065

Voltage spikes PQE

01<K<04,0<t,t, <05T,0.01T <ty —t; <0.05T

K =04,t, =0.002,t, = 0.0023

3. Algorithm Actuated by Multiple Signal Processing Techniques to Recognize PQE

This section details the various steps of the algorithm actuated by multiple signal
processing techniques and used to recognize power quality events (PQE). All steps of the
algorithm are depicted in Figure 1. Steps for detection and classification of various PQEs
are elaborated in the subsections below.

| Set N=18 l

N

Simulate a voltage signal with a PQE using
mathematical formulation

v

v y

Decon;;_)lf)segoltage signal with PQE using Decompose voltage signal with PQE using Decompose voltage signal with PQE using Compute entropy of voltage
'tin bcolmtpute 10 utp F; (')“ﬁz;( HT and compute output matrix (HOMA) DWT with Meyer wavelet and compute signal with PQE (CFI1)
WIth absote valjes approximation coefficient (A1) and
detailed coefficient (D1) at first level
. Compute absolute values of HOMA
Compute summation of every column of and designate it as HPDL Compute
SOMA and designate it as SSI maximum value of HPDI (CF16) Compute entropy of A1 (CFI2) and
entropy of D1 (CFI3). Also compute
mean energy of D1 (CFI4)
Compute SPDI from SSI using
mathematical formulation
SPDI=/SSI'-3.88
Compute maximum value of SPDI (CFIS
V. V. V.
[ Compute CPDI by multiplication of SPDI, HPDI, CFI1, CFI2, CFI3, and CFI4. ]

4

Compute the maximum value of CPDI (CF17). Differentiate CPDI with
respect to time to compute LPDI

J

Plot voltage waveform with PQE, SPDI, HPDI, CPDI and LPDI.
Analyze these plots to identify the PQE associated with voltage waveform

Classify PQE using the designed PQE
classifier with the help of CFI1 to CFI7

J

of distribution utility network

I Validate the algorithm using real time datal

Figure 1. PQ recognition algorithm actuated by multiple signal processing techniques.
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3.1. Detection of PQE

The computation of the Stockwell PQ detection index (SPDI), the Hilbert PQ detection
index (HPDI), the combined PQ detection index (CPDI) and the combined feature index
(CFI) is discussed in this section.

3.1.1. Stockwell PQ Detection Index

A voltage signal (v(t)) with a PQE is decomposed by applying the Stockwell transform
(ST) using the mathematical expression described below, and the Stockwell output matrix
(SOM) is computed.

SOM(x, f) = / o()g(t — e 2 dt (11)
where ¢(7) is the Gaussian modulation function which can be expressed by the formulation
described below [18]:

Ifl —2/(20))
T) = —e¢ 12
8(t) = 5= (12)
where ¢ is defined as the reciprocal of the magnitude of the frequency as detailed below [18].
A detailed description of the ST is available in [19].

1
= 13
=R (13)

The output matrix of the ST (SOM) is a complex valued matrix with the dimension
320 x 640 and represents the voltage signal with a PQ disturbance in a frequency domain
where the signal magnitude with respect to the frequency is represented by the matrix
elements. A matrix of absolute values of SOM (SOMA) is computed as detailed in the

equation below.
SOMA =| SOM | (14)

The Stockwell summation index (SSI) is computed by summing all elements of every
column of the SOMA as detailed in the equation below. Here, m and n represent the total
number of rows and column in the SOMA matrix. Further, i and j indicate the number of
rows and columns for an iteration. The SSI is effective to find the maximum magnitude for
a frequency component available with the signal except the fundamental frequency. For
the fundamental signal frequency, the magnitude of SSI becomes zero. Therefore, SSI is
effective to find the availability of frequency components other than the fundamental ones.

SSI =X %", (SOMA) (15)

The Stockwell PQ detection index (SPDI) is computed from SSI using the detailed
mathematical expression below:

SPDI = /SSI2 — 3.88 (16)

The SPDI transforms the SSI into a unit magnitude signal. Therefore, any change from
the standard value of one per unit is effectively identified by the use of the SPDI. This
effectively identifies the magnitude of all frequency components. However, performance of
the SPDI is slightly deteriorated in the noisy environment.

3.1.2. Hilbert PQ Detection Index

We decompose the voltage signal with PQE (v(t)) using the Hilbert transform (HT)
and compute the output matrix (HOM) as described below:

HOM — lPV/ o) 4o (17)
7T —ot—T
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where PV indicates the Cauchy’s principle value integral. A detailed description of the HT
is available in [20]. We compute the Hilbert PQ detection index (HPDI) by taking absolute
values of HOM as detailed in the equation below. The output matrix of the HT (HOM) is
a complex valued column matrix with the dimension 640 x 1 and represents the voltage
signal with PQ disturbance in frequency domain.

HPDI =| HOM | (18)

The HPDI is effective to detect the magnitude related disturbances effectively. Perfor-
mance of the HPDI is quite high even in the noisy environment.

3.1.3. Combined PQ Detection Index
The combined PQ detection index (CPDI) is computed by multiplying the SPDI, the

HPDI and classification feature indexes CFI1, CFI2, CFI3 and CFI4 element by element as
detailed below:

CPDI = SPDI x HPDI x CFI1 x CFI2 x CFI3 x CFI4 (19)

CFlIs are described in Section 3.3. The CPDI has the advantage that the weight factor
has been eliminated. This is fast and detects PQEs with high accuracy. This is effective to
detect the magnitudes of all frequencies superimposed on the signal and signal magnitude
changes even in a high noise environment.

3.2. Location of PQE
The incidence of a PQE on the voltage signal is located with the help of location a PQ

disturbance index (LPDI). The LPDI is obtained by differentiating the CPDI with respect to

time as detailed below:
d(CPDI)

dt

High magnitude peaks observed on the LPDI at the start of a PQE and the end of a
PQE will locate the PQE on the voltage signal.

LPDI = (20)

3.3. Classification of PQE

Classification of the PQE is performed by the classifier using the classification feature
indexes (CFI). The classifier uses a simple rules-based decision tree (RBDT). The RBDT
uses simple rules for classification of PQ events due to less computational burden and high
accuracy. We decompose the voltage signal with the PQE using discrete wavelet transform
(DWT) up to the first decomposition level to obtain an approximation coefficient (A1) and
a detailed coefficient (D1) using the Meyer mother wavelet. The DWT is applied using the
filter bank approach which is also known as multi-resolution analysis. The low pass (g) and
high pass (h) filters are used to obtain high frequency and low frequency components. This
is performed by dyadic decimation (down-sampling). The filters i and g generate a family
of scaling ¢(t) and wavelet (t) functions. The magnitudes of A1 and D1 are obtained by
the equations detailed below.

Al = ¢(t) = V2 _h(n)p(2t —n) (1)

D1 = (1) = V2 g(n)y(2t —n) (22)

where g(n) = (—1)"h(1 — n). The Meyer mother wavelet is used for the choices of (g) and
(h). Feature indexes CFI1 to CFI4 help to adjust the magnitude changes according to the
available disturbance which eliminates the additional fixed weight factors. Classification
feature index (CFI1) indicates entropy of the voltage signal. Classification feature index
(CFI2) indicates entropy of the approximation coefficient (A1). Classification feature index
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(CFI3) indicates entropy of the detailed coefficient (D1). Classification feature index (CFI5)
indicates the maximum value of the SPDI. Classification feature index (CFI6) indicates the
maximum value of the HPDI. Classification feature index (CFI7) indicates the maximum
value of the CPDI. Classification feature index (CFI4) indicates the mean energy of the
detailed coefficient (D1) and is computed using the expression below:

CFl4 = mean( Z(D12,2)) (23)

Detailed mathematical formulations of entropy, computation of maximum values and
mean values reported in [21-23] have been used in this paper to compute CFI1 to CFI7.

4. Identification of Power Quality Disturbances: Simulation Results

This section elaborates on the simulation results to identify the various PQ distur-
bances.

4.1. Power Quality Events of Multiplicity One

This section details the simulation results to detect the one PQE associated with a
voltage signal.

4.1.1. Voltage Waveform without PQE

A voltage signal without a PQE is processed using the ST, and the SPDI is computed.
This voltage signal is also processed using the HT to compute the HPDI. The voltage signal
is decomposed using DWT to compute Al and D1. Classification feature indexes CFI1,
CFI2, CFI3 and CFI4 are computed from voltage signal A1, D1 and mean energy. The
SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are multiplied to compute the CPDI. The CPDI
is differentiated with respect to time to compute the LPDI. Voltage signals without PQE,
SPDI, HPDI, CPDI and LPDI are depicted in Figure 2a—e, respectively. The magnitude of
classification features CFI1 to CFI7 for a voltage waveform without PQE is included in
Table 2.

SPDI

0 . . . . . . .
0.02 004 006 0.08 0.1 012 0.14 0.16 0.18

0 0.05 0.1 0.15 0.

2
(b)
15 @ ; : 10
_ 1 _
e g s
I (6]
05F ]

002 004 006 008 01 012 0.14 016 0.18
(© (d)

. Time (s) Time (s)
T T

0 . . . . . . .
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.

®

0 I I I I I I I
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

(e)
Time (s)

Figure 2. Voltage signal without a PQE: (a) voltage waveform; (b) SPDIL (c) HPDI; (d) CPDI; (e) LPDI

Figure 2a shows that the pure sinusoidal nature of the waveform is maintained which
indicates that PQE is not associated with the waveform. Figure 2b shows that constant
magnitude of the SPDI is maintained, indicating no PQE. Figure 2c shows that constant
magnitude of the HPDI is maintained, indicating no PQE. Figure 2d shows that constant
magnitude of the CPDI is maintained, indicating no PQE. Figure 2e illustrates that zero
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magnitude of the LPDI is maintained, indicating that a PQE is not detected and local-
ized. The plots of Figure 2 are taken as reference plots to detect PQEs associated with a
voltage signal.

Table 2. Magnitude of PQ classification indexes.

Symbol PQE Classification Index
S. No. Name of PQE
of PQE CrFI1 CFI2 CFI3 CFl4 CFI5 CFl6 CFI7
1 ;fggage waveform without b, 1235907  115.8079  0.0095 0.0331 3.8878 1.0031 15.7912
2 Sag PQE PQE2 1431195 509959  0.0103 0.0341 3.9215 1.0270 9.0009
3 Swell PQE PQE3 441925  256.4699  0.0103 0.0341 3.9177 1.3301 14.1702
4 Momentary interruption PQE  PQE4 76.1953  74.6326  0.0158 0.0421 4.0008 1.0853 13.4211
5 Harmonics PQE PQE5 1455911  99.5448  0.0597 0.0954 9.4477 1.3038 905.9688
6 Flicker PQE PQE6 114.1932  128.6808  2.2121 0.6238 6.9438 1.1500 1.6179 x 105
7 Oscillatory transient PQE PQE7 10.8656  277.8975  0.5600 0.3928 53.1015  3.2148 9.8255 x 10*
8 Impulsive transient PQE PQES 28.8203  234.0183  0.3214 1.1774 69.9567  4.3504 7.7685 x 10°
9 Voltage notch PQEY 1279847  96.6030  5.9705 1.2957 147474 1.1023 1.4724 x 10°
10 Voltage spike PQE PQE10 119.2040 1224091  2.5074 0.9826 14.8298  1.2967 6.9136 x 10°
1 Zi’,lg‘ge sag with harmonics  cppy 1621978 358284 0.0648  0.0981 9.4800 1.3281 404.3306
12 Z‘;}Sﬁge flicker and harmonics -y 136.0770 1119760  2.8852 0.7069 10.1926  1.3038 3.7303 x 10°
13 Voltage sag and oscillatory  -pyps 255122 229.2883  0.5608 0.3929 53.1434  3.2031 1.9014 x 105
transient CPQE
Voltage harmonics and oscil- 5
14 lntory transient CPOE CPQE4 300579  263.3202  0.6103 0.4029 515163  3.0888 2.6814 x 10
15 Voltage sag and impulsive  -pps 434669 1854091  0.3222 1.1774 69.9575  4.3555 9.3167 x 10°
transient CPQE
16 Voltage sag and spikes CPQE ~ CPQE6 140.1730  55.9236 2.5079 0.9827 14.8907 1.2921 3.7120 x 10°
17 Voltage sag, harmonics and  ~popy 435686 2157930 0.6111 04029 515582  3.0772  3.1810 x 10°
oscillatory transient CPQE
Voltage sag, harmonics, im-
18 pulsive transient and oscilla- CPQES8 61.4301 350.0827  1.4546 0.7718 51.6290 3.5917 3.6595 x 10°

tory transient CPQE

4.1.2. Voltage Sag PQE

A voltage signal with a sag PQE is processed using the proposed PQ recognition
method to compute SPDI, HPDI, CPDI, LPDI and CFIs. Voltage signals with sag PQE,
SPDI, HPDI, CPDI and LPDI are depicted in Figure 3a—e, respectively. The magnitude of
classification features CFI1 to CFI7 for a voltage waveform with a sag PQE is included in
Table 2.

Figure 3a shows that the magnitude of the voltage waveform is decreased between
0.06 s and 0.14 s which indicates that a sag PQE is associated with the waveform. Figure 3b
shows that magnitude of the SPDI is decreased between 0.06 s and 0.14 s which indicates
that a sag PQE is detected. Further, peaks observed at 0.06 s to 0.14 s indicate the starting
and end of the sag PQE. Figure 3c shows that magnitude of the HPDI is decreased between
0.06 s and 0.14 s which indicates that a sag PQE is detected. Figure 3d shows that the the
magnitude of the CPDI is decreased between 0.06 s and 0.14 s which indicates that a sag
PQE is detected. Further, peaks observed at 0.06 s to 0.14 s indicate the starting and the end
of a sag PQE. Figure 3e shows that the high magnitude of the LPDI at 0.06 s to 0.14 s helps
to localize the sag PQE with respect to time.
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Figure 3. Voltage sag PQE: (a) voltage waveform; (b) SPDI; (c) HPDI; (d) CPDI; (e) LPDL
4.1.3. Voltage Swell PQE

A voltage signal with a swell PQE is processed using the ST, and the SPDI is computed.
This voltage signal is also processed using the HT to compute the HPDI. The voltage signal
with a sag PQE is decomposed using a DWT, and coefficients A1l and D1 are computed.
Classification feature indexes CFI1, CFI2, CFI3 and CFI4 are computed from the voltage
signal with a swell PQE, A1, D1 and mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and
CFI4 are multiplied to compute the CPDI. The CPDI is differentiated with respect to time
to compute the LPDI. The voltage signal with a swell PQE, SPDI, HPDI, CPDI and LPDI
are depicted in Figure 4a—e, respectively. The magnitude of the classification features CFI1
to CFI7 for the voltage waveform with a swell PQE is included in Table 2.
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Figure 4. Voltage swell PQE: (a) voltage waveform; (b) SPDI; (c) HPDI; (d) CPDI; (e) LPDL

Figure 4a shows that the increased magnitude of voltage from 0.06 s to 0.14 s time
indicates a swell PQE. Figure 4b shows that the magnitude of the SPDI is increased between
0.06 s and 0.14 s which indicates the presence of a swell PQE. Further, peaks observed at
0.06 s to 0.14 s indicate the starting and end of the swell PQE. Figure 4c shows that increased
magnitude of the HPDI between 0.06 s and 0.14 s indicates a swell PQE. Figure 4d shows
that the magnitude of the CPDI is increased between 0.06 s and 0.14 s which indicates a
swell PQE. Further, small magnitude peaks observed at 0.06 s to 0.14 s indicate the starting
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and the end of a swell PQE. Figure 4e illustrates that the high magnitude of the LPDI at
0.06 s to 0.14 s localizes the swell PQE with respect to time.

A voltage swell is simulated for 10%, 20% and 30% swell magnitude and processed
using the proposed algorithm to compute the CPDI and the LPDI. These are illustrated
in Figure 5. Figure 5a shows that the magnitude of the CPDI is increased between 0.06 s
and 0.14 s for 10%, 20% and 30% swell magnitude which effectively detects the swell PQE
of different magnitude. Figure 5b shows that the high magnitude of the LPDI at 0.06 s to
0.14 s helps to localize the swell PQE with respect to time for the swell of 10%, 20% and
30% swell magnitude.
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101 Swell (30%) [
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LPDI

0 1 o L . 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time (s)

(b)

Figure 5. Voltage swell PQE with 10%, 20% and 30% swell magnitude: (a) CPDI; (b) LPDL

4.1.4. Voltage Momentary Interruption PQE

A voltage signal with a momentary interruption (MI) PQE is processed using the ST
and the HT to compute the SPDI and the HPD], respectively. This voltage signal with MI
is decomposed using DWT for computing the A1 and D1. Classification feature indexes
CFI1, CFI2, CFI3 and CFI4 are computed from the voltage signal with MI, A1, D1 and mean
energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are multiplied to compute the CPDIL
The CPDl is differentiated with respect to time for computing the LPDI. The voltage signal
with MI PQE, SPDI, HPDI, CPDI and LPDI are illustrated in Figure 6a—e, respectively. The
magnitude of classification features CFI1 to CFI7 is included in Table 2.
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Figure 6. Voltage momentary interruption PQE: (a) voltage waveform; (b) SPDI; (c) HPDI; (d) CPDI;
(e) LPDL
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Figure 6a shows that the magnitude of the voltage waveform is decreased and becomes
less than 10% between 0.06 s and 0.14 s which indicates an MI. Figure 6b shows that the
magnitude of the SPDI is decreased between 0.06 s and 0.14 s which indicates an MI. Further,
peaks observed at 0.06 s to 0.14 s indicate the starting and end of an MI. Figure 6¢ shows that
the magnitude of the HPDI is decreased and becomes near to zero between 0.06 s and 0.14 s
which indicates an MI. Figure 6d shows that the magnitude of the CPDI is decreased and
becomes near zero between 0.06 s and 0.14 s which indicates that an MI is detected. Further,
peaks observed at 0.06 s to 0.14 s indicate the starting and end of an MI. Figure 6e, illustrates
that the high magnitude of the LPDI at 0.06 s to 0.14 s localizes the MI with respect to time.

4.1.5. Voltage Harmonics PQE

A voltage signal with a harmonics PQE is processed using the proposed PQE recognition
method to compute different indexes. The voltage signal with harmonics PQE, SPDI, HPD],
CPDI and LPDI are depicted in Figure 7a—e, respectively. The magnitudes of classification
features CFI1 to CFI7 are included in Table 2.
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Figure 7. Voltage harmonics PQE: (a) voltage waveform; (b) SPDI; (¢) HPDI; (d) CPDI; (e) LPDI.

Figure 7a shows that harmonics are associated with the voltage waveform at a regular
interval. Figure 7b shows that ripples of the regular pattern are associated with the SPDI
which indicates that a harmonics PQE is present. Figure 7c shows that a pattern of three
ripples with one peak high and two peaks relatively low is observed over the entire time range
with the HPDI which indicates the presence of harmonics. Figure 7d shows that a pattern
of three ripples with one peak high and two peaks relatively low is observed over the entire
time range with the CPDI which indicates the presence of harmonics. Figure 7e shows that a
pattern of six ripples with two peaks high and four peaks relatively low is observed over the
entire time range of the LPDI which locates the presence of every harmonic.

4.1.6. Voltage Flicker PQE

A voltage signal with a flicker PQE is processed using the ST, and the SPDI is computed.
The voltage signal is also processed using the HT to compute the HPDI. The voltage signal is
decomposed using DWT, and A1l and D1 are computed. Classification feature indexes CFI1,
CFI2, CFI3 and CFI4 are computed from the voltage signal with flicker PQE, A1, D1 and mean
energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFl4 are multiplied to compute the CPDI. The
CPDl is differentiated with respect to time to compute the LPDI. Voltage signals with flicker
PQE, SPDI, HPDI, CPDI and LPDI are depicted in Figure 8a—e, respectively. The magnitude
of classification features CFI1 to CFI7 for a voltage waveform with flicker PQE is included in
Table 2.
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Figure 8. Voltage flicker PQE: (a) voltage waveform; (b) SPDI; (¢) HPDI; (d) CPDI; (e) LPDI.

Figure 8a shows that flickers are associated with voltage waveform with every half
cycle as indicated by concentrated frequency components near the peak of the waveform.
Figure 8b shows that ripples of a regular pattern having a flat top and sharp trough are
associated with the SPDI which indicates the flicker. Figure 8c shows that a waveform pattern
having a magnitude increasing from zero to peak in both directions and then decreasing again
corresponding to every half cycle of voltage waveform is observed over the entire time range
with the HPDI which indicates the presence of flicker. Figure 8d shows that a pattern of
ripples of regular pattern having a flat top along with concentrated frequency components
near the peak and a sharp trough are associated with the CPDI which indicates the presence
of flicker. Figure 8e shows that a regular pattern of positive side magnitudes which have
a large number of peaks following a pattern of increasing magnitude to a high value and
subsequently decreasing over the entire time range of the LPDI is observed, which indicates
the presence of every component of flicker.

4.1.7. Oscillatory Transient PQE

A voltage signal with an oscillatory transient (OT) PQE is processed using the ST, and
the SPDI is computed. This voltage signal with OT is processed using the HT to compute
the HPDI. The voltage signal with OT is decomposed using DWT to compute Al and D1.
Classification feature indexes CFI1, CFI2, CFI3 and CFI4 are computed from the voltage signal
with OT, A1, D1 and mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are multiplied
to compute the CPDL The CPDl is differentiated with respect to time to compute the LPDI.
Voltage signals with OT, SPDI, HPDI, CPDI and LPDI are depicted in Figure 9a—e respectively.
The magnitude of classification features CFI1 to CFI7 for the voltage waveform with OT is
included in Table 2.

Figure 9a shows that a high magnitude bump with large transient components is ob-
served between 0.08 s and 0.10 s on the voltage waveform which indicates an OT. Figure 9b
shows that the high magnitude of the SPDI is observed between 0.08 s and 0.10 s which
indicates that an OT is present. Further, peaks are also observed at 0.08 s to 0.10 s which
indicates the starting and the end of the OT. Figure 9c shows that high magnitude ripples
are observed on the HPDI between 0.08 s and 0.10 s which indicates that an OT is present.
Figure 9d shows that the high magnitude of the CPDI with ripples on the upper surface is
observed between 0.08 s and 0.10 s which indicates that an OT is present. Figure 9e shows
that high magnitude peaks are observed on the LPDI between 0.08 s and 0.10 s which helps to
localize the OT with respect to time.
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Figure 9. Voltage oscillatory transient PQE: (a) voltage waveform; (b) SPDI; (c¢) HPDI; (d) CPDI;
(e) LPDI.

4.1.8. Impulsive Transient PQE

A voltage signal with a PQE of an impulsive transient (IT) is processed using the ST,
and the SPDI is computed. This voltage signal with an IT is also processed using the HT to
compute the HPDI. The voltage signal with the IT is decomposed using DWT, and coefficients
Al and D1 are computed. Classification feature indexes CFI1, CFI2, CFI3 and CFI4 are
computed from the voltage signal with the IT, A1, D1 and mean energy. The SPDI, HPD],
CFI1, CFI2, CFI3 and CFI4 are multiplied to compute the CPDI. The CPDI is differentiated
with respect to time to compute the LPDI. Voltage signals with the IT, SPDI, HPDI, CPDI and
LPDI are depicted in Figure 10a—e, respectively. The magnitude of classification features CFI1
to CFI7 for the voltage waveform with an IT is included in Table 2.
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Figure 10. Voltage impulsive transient PQE: (a) voltage waveform; (b) SPDI; (¢) HPDI; (d) CPDL;
(e) LPDI.

Figure 10a shows that a sharp high magnitude peak is associated with the voltage
waveform between 0.085 s and 0.088 s, indicating an IT. Figure 10b shows that the high
magnitude sharp peak observed on the SPDI between 0.085 s and 0.088 s also indicates an IT.
Figure 10c shows that a high magnitude sharp peak is observed on the HPDI between 0.085 s
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and 0.088 s which also indicates an IT. Figure 10d shows that a high magnitude sharp peak
available on the CPDI between 0.085 s and 0.088 s also indicates an IT. Figure 10e shows that
a high magnitude with two close sharp peaks are observed on the LPDI between 0.085 s and
0.088 s which helps to localize the IT with respect to the time.

4.1.9. Voltage Notches PQE

A voltage signal with a superimposed notches PQE is processed using the proposed
method, and SPDI, HPDI, CPDI, LPDI and CFIs are computed. Voltage signals with a notches
PQE , SPDI, HPDI, CPDI and LPDI are illustrated in Figure 11a—e, respectively. The magnitude
of classification features CFI1 to CFI7 for the voltage waveform with a notches PQE is included
in Table 2.
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Figure 11. Voltage notches PQE: (a) voltage waveform; (b) SPDI; (c) HPDI; (d) CPDI; (e) LPDI.

Figure 11a shows that a ditch of small duration is associated with the voltage waveform
for every half cycle which indicates a notch PQE. Figure 11b shows that a pattern of a high
magnitude peak associated with every half cycle is observed on the SPDI which indicates that
notch PQE is associated with voltage. Figure 11c shows that a pattern constituted by one high
peak and one lower peak compared to base level is observed on the HPDI over the entire
time range which indicates that a notches PQE is detected. Figure 11d shows that a pattern of
high magnitude with two sharp close peak associated with every half cycle is observed on the
SPDI which indicates that a notches PQE is associated with the waveform. Figure 11e shows
that a pattern of a high magnitude peak with one peak near root level is associated with every
half cycle on the LPDI which indicates that notches PQEs are localized with respect to time.

4.1.10. Voltage Spikes PQE

A voltage signal with a spikes PQE is processed using the ST, and the SPDI is computed.
This voltage signal with a spikes PQE is also processed using the HT to compute the HPDI.
The voltage signal with a spikes PQE is decomposed using DWT to compute Al and D1.
Classification feature indexes CFI1, CFI2, CFI3 and CFl4 are computed from a voltage signal
with a spikes PQE, Al, D1 and mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are
multiplied to compute the CPDI. The CPDI is differentiated with respect to time to compute
the LPDI. Voltage signals with a spikes PQE, SPDI, HPDI, CPDI and LPDI are depicted in
Figure 12a-e, respectively. The magnitude of classification features CFI1 to CFI7 for a voltage
waveform with a spikes PQE is included in Table 2.
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Figure 12. Voltage a spikes PQE: (a) voltage waveform, (b) SPDI, (c) HPDI, (d) CPDI; (e) LPDL

Figure 12a shows that a peak of small time interval is associated with voltage for every
cycle which indicates the spikes PQE. Figure 12b shows that a pattern of a high magnitude
peak associated with every cycle is observed on the SPDI which indicates that a spikes PQE is
associated with voltage. Figure 12c shows that a pattern constituted by one high peak and
one lower peak compared to base level is observed on the HPDI over the entire time range
corresponding to every cycle which indicates that a spikes PQE is detected. Figure 12d, shows
that a pattern of high magnitude with two sharp close peaks associated with every cycle is
observed on the SPDI which indicates that a spikes PQE is associated with the waveform.
Figure 12e shows that a pattern of a high magnitude peak with one peak near the root level is
associated with every cycle on the LPDI which indicates that a spikes PQE is localized with
respect to time.

4.2. Power Quality Events of Multiplicity Two

This section details the simulation results to detect two PQEs associated with a voltage
signal. PQE with multiplicity two is considered a combined PQ event (CPQE).

4.2.1. Voltage Sag and Harmonics CPQE

A voltage signal with sag and harmonics CPQE is processed using the proposed PQ
recognition method, and SPDI, HPDI, CPDI, LPDI and CFls are computed. Voltage signals
with sag and harmonics CPQE, SPDI, HPDI, CPDI and LPDI are depicted in Figure 13a—e,
respectively. The magnitude of classification features CFI1 to CFI7 for a voltage waveform
with sag and harmonics CPQE is included in Table 2.

Figure 13a shows that the magnitude of the voltage waveform is decreased between 0.06 s
and 0.14 s which indicates a sag PQE. Figure 13a also shows that harmonics are associated with
a voltage waveform at a regular interval. Figure 13b shows that the magnitude of the SPDI
is decreased between 0.06 s and 0.14 s which indicates a sag PQE. Further, peaks observed
at 0.06 s to 0.14 s indicate the starting and the end of the sag. Figure 13b also shows that
ripples with a regular pattern are associated with the SPDI which indicates a harmonics PQE.
Figure 13c shows that the magnitude of the HPDI is decreased between 0.06 s and 0.14 s
which indicates a sag PQE. Figure 13c also shows that a pattern of three ripples with one
peak high and two peaks relatively low is observed over the entire time range with the HPDI
which indicates the presence of harmonics. Figure 13d shows that the magnitude of the CPDI
is decreased between 0.06 s and 0.14 s which indicates that a sag PQE is detected. Further,
peaks observed at 0.06 s to 0.14 s indicate the starting and the end of a sag PQE. Figure 13d
also shows that a pattern of three ripples with one peak high and two peaks relatively low is
observed over the entire time range with the CPDI which indicates the presence of harmonics.
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Figure 13e shows that the high magnitude of the LPDI at 0.06 s to 0.14 s helps to localize the
sag PQE with respect to the time. Figure 13e shows that a pattern of six ripples with two
peaks high and four peaks relatively low is observed over the entire time range of the LPDI
which locates the presence of every harmonic.
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Figure 13. Voltage sag and harmonics CPQE: (a) voltage waveform; (b) SPDI; (c) HPDI; (d) CPDI,
(e) LPDI.

4.2.2. Voltage Flicker and Harmonics CPQE

A voltage signal with flicker and harmonics CPQE is processed using the ST and the
HT to compute the SPDI and the HPDI, respectively. The voltage signal with flicker and
harmonics CPQE is decomposed using DWT to compute coefficients Al and D1. Classification
feature indexes CFI1, CFI2, CFI3 and CFI4 are computed from the voltage signal flicker and
harmonics CPQE, A1, D1 and mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are
multiplied to compute the CPDI. The CPDI is differentiated with respect to time to compute
the LPDI. Voltage signals with flicker and harmonics CPQE, SPDI, HPDI, CPDI and LPDI are
depicted in Figure 14a—e, respectively. The magnitude of classification features CFI1 to CFI7
for voltage with flicker and harmonics CPQE is included in Table 2.
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Figure 14. Voltage flicker and harmonics CPQE: (a) voltage waveform; (b) SPDI; (c) HPDIL (d) CPDL;
(e) LPDI.
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Figure 14a shows that flickers are associated with a voltage waveform with every half
cycle as indicated by concentrated frequency components near the peak of the waveform.
Figure 14b—e shows that regular pattern variations with multiple ripples on plots indicate
the hybrid combination of flicker and harmonics.

4.2.3. Voltage Sag and Oscillatory Transient CPQE

A voltage signal with CPQE of sag and OT is processed using the ST and the SPDIL.
This voltage signal is also processed using the HT to compute the HPDI. The voltage signal
with sag and OT CPQE is decomposed using DWT to compute coefficients Al and D1.
Classification feature indexes CFI1, CFI2, CFI3 and CFI4 are computed from the voltage
signal with sag and OT, A1, D1 and mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and
CFI4 are multiplied to compute the CPDI. The CPDI is differentiated with respect to time
to compute the LPDI. Voltage signals with sag and OT CPQE, SPDI, HPDI, CPDI and LPDI
are depicted in Figure 15a—e, respectively. The magnitude of classification features CFI1 to
CFI7 for the voltage waveform with sag and OT is included in Table 2.
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Figure 15. Voltage sag and oscillatory transient CPQE: (a) voltage waveform; (b) SPDI; (c) HPDI;
(d) CPDI; (e) LPDL

Figure 15a shows that the magnitude of the voltage waveform is decreased between
0.10 s and 0.16 s which indicates that a sag PQE is associated with the waveform. Figure 15a
also shows that a high magnitude bump with large transient components is observed
between 0.06 s and 0.08 s on the voltage waveform which indicates an OT associated with
the voltage waveform. Figure 15b shows that the magnitude of the SPDI is decreased
between 0.10 s and 0.16 s which indicates that a sag PQE is detected. Further, peaks
observed at 0.06 s to 0.14 s indicate the starting and end of the sag PQE. Figure 15b also
shows that a high magnitude of the SPDI is observed between 0.06 s and 0.08 s which
indicates that an OT is detected. Further, peaks are also observed at 0.08 s to 0.10 s which
indicates the starting and the end of the OT. Figure 15¢c shows that magnitude of the
HPDI is decreased between 0.10 s and 0.16 s which indicates that a sag PQE is detected.
Figure 15¢ shows that high magnitude ripples are observed on the HPDI between 0.06 s
and 0.08 s which indicates an OT. Figure 15d shows that the magnitude of the CPDI is
decreased between 0.10 s and 0.16 s which indicates that a sag PQE is detected. Further,
peaks observed at 0.06 s to 0.14 s indicate the starting and end of a sag PQE. Figure 15d
shows that the high magnitude of the CPDI with ripples on the upper surface is observed
between 0.06 s and 0.08 s which indicates an OT. Figure 15e shows that the high magnitude
of the LPDI at 0.10 s to 0.16 s helps to localize the sag PQE with respect to time. Figure 15e
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shows that high magnitude peaks are observed on the LPDI between 0.06 s and 0.08 s
which helps to localize the OT with respect to the time.

4.2.4. Voltage Harmonics and Oscillatory Transient CPQE

A voltage signal with OT and harmonics CPQE is processed using the ST, and the
SPDI is computed. This voltage signal with OT and harmonics CPQE is also processed
using the HT to compute the HPDI. The voltage signal with OT and harmonics CPQE is
also decomposed using DWT to compute Al and D1. Classification feature indexes CFI1,
CFI2, CFI3 and CFlI4 are computed from the voltage signal with OT and harmonics CPQE,
Al, D1 and mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are multiplied to
compute the CPDIL. The CPDI is differentiated with respect to time to compute the LPDI.
Voltage signals with OT and harmonics CPQE, SPDI, HPDI, CPDI and LPDI are depicted
in Figure 16a—e, respectively. The magnitude of classification features CFI1 to CFI7 for the
voltage waveform with OT and harmonics CPQE is included in Table 2.
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Figure 16. Voltage harmonics and oscillatory transient CPQE: (a) voltage waveform; (b) SPDI;
(c) HPD], (d) CPDI; (e) LPDI.

Figure 16a shows that harmonics are associated with the voltage waveform at a
regular interval. Figure 16a also shows that a high magnitude bump with large transient
components is observed between 0.08 s and 0.10 s on the voltage waveform which indicates
an OT associated with the voltage waveform. Figure 16b shows that ripples with a regular
pattern are associated with the SPDI which indicates that a harmonics PQE is detected.
Figure 16b also shows that a high magnitude of the SPDI is observed between 0.08 s and
0.10 s which indicates an OT. Further, peaks are also observed at 0.08 s to 0.10 s which
indicates the starting and the end of OT. Figure 16¢ shows that a pattern of three ripples
with one peak high and two peaks relatively low is observed over the entire time range
with the HPDI which indicates the presence of harmonics. Figure 16¢ also shows that high
magnitude ripples are observed on the HPDI between 0.08 s and 0.10 s which indicates an
OT. Figure 16d shows that a pattern of three ripples with one peak high and two peaks of
relatively low magnitude are observed over the entire time range with the CPDI which
indicates the presence of harmonics. Figure 16d also shows that high magnitude of the
CPDI with ripples on the upper surface is observed between 0.08 s and 0.10 s which
indicates an OT. Figure 16e shows that a pattern of six ripples with two peaks high and
four peaks relatively low is observed over the entire time range of the LPDI which locates
the presence of every harmonic. Figure 16e shows that high magnitude peaks are observed
on the LPDI between 0.08 s and 0.10 s which helps to localize the OT.
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4.2.5. Voltage Sag and Impulsive Transient CPQE

A voltage signal with CPQE of sag and IT is processed using the ST and the HT
to compute the SPDI and the HPDI, respectively. The voltage signal with sag and IT is
decomposed using DWT to compute coefficients Al and D1. Classification feature indexes
CFI1, CFI2, CFI3 and CFI4 are computed from the voltage signal sag and IT, A1, D1 and
mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are multiplied to compute the
CPDI. The CPDlI is differentiated with respect to time to compute the LPDI. Voltage signals
with sag and IT, SPDI, HPDI, CPDI and LPDI are depicted in Figure 17a—e respectively. The
magnitude of the classification features CFI1 to CFI7 for the voltage waveform with sag
and IT CPQE is included in Table 2.
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Figure 17. Voltage sag and impulsive transient CPQE: (a) voltage waveform; (b) SPDI; (c) HPDI;
(d) CPDI; (e) LPDL

Figure 17a shows that the magnitude of the voltage waveform is decreased between
0.10 s and 0.16 s which indicates a sag. Figure 17a also shows that a high magnitude
sharp peak is associated with the voltage waveform between 0.085 s and 0.088 s which
indicates an IT. Figure 17b shows that the magnitude of the SPDI is decreased between
0.10 s and 0.16 s which indicates a sag PQE. Further, peaks observed at 0.06 s to 0.14 s
indicate the starting and the end of the sag PQE. Figure 17b also shows that the high
magnitude sharp peak observed on the SPDI between 0.085 s and 0.088 s indicates an IT.
Figure 17c shows that the magnitude of the HPDI is decreased between 0.10 s and 0.16 s
which indicates that a sag PQE is detected. Figure 17c also shows that a high magnitude
sharp peak is observed on the HPDI between 0.085 s and 0.088 s which indicates that an IT
PQE is detected. Figure 17d shows that the magnitude of the CPDI is decreased between
0.10 s and 0.16 s which indicates that a sag PQE is detected. Further, peaks observed at
0.06 s to 0.14 s indicates the starting and the end of the sag PQE. Figure 17d also shows that
the high magnitude sharp peak observed on the CPDI between 0.085 s to 0.088 s indicates
that an IT PQE is detected. Figure 17e shows that the high magnitude of the LPDI at 0.10 s
to 0.16 s helps to localize the sag PQE with respect to the time. Figure 17e shows that a
high magnitude with two close sharp peaks are observed on the LPDI between 0.085 s and
0.088 s which helps to localize the IT with respect to the time.

4.2.6. Voltage Sag and Spike CPQE

A voltage signal with sag and spike CPQE is processed using the ST, and the SPDI is
computed. This voltage signal with sag and spike CPQE is also processed using the HT to
compute the HPDL The voltage signal with sag and spike CPQE is decomposed using DWT
to compute coefficients Al and D1. Classification feature indexes CFI1, CFI2, CFI3 and CFI4
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are computed from the voltage signal with sag and spike CPQE, A1, D1 and mean energy.
The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are multiplied to compute the CPDI. The CPDI
is differentiated with respect to time to compute the LPDI. Voltage signals with sag and
spike CPQE, SPDI, HPDI, CPDI and LPDI are depicted in Figure 18a—e, respectively. The
magnitude of the classification features CFI1 to CFI7 for the voltage waveform with sag
and spikes CPQE is included in Table 2.
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Figure 18. Voltage sag and spikes CPQE: (a) voltage waveform; (b) SPDI; (c) HPDI; (d) CPDI;
(e) LPDL

Figure 18a shows that the magnitude of the voltage waveform is decreased between
0.06 s and 0.14 s which indicates that a sag PQE is associated with the waveform. Figure 18a
also shows that a peak of small duration is associated with the voltage waveform for every
cycle which indicates the spikes. Figure 18b shows that the magnitude of the SPDI is
decreased between 0.06 s to 0.14 s which indicates a sag. Further, peaks observed at 0.06 s
and 0.14 s indicate the starting and the end of sag. Figure 18b also shows that a pattern
of a high magnitude peak associated with every cycle is observed on the SPDI which
indicates the spikes PQE. Figure 18c shows that the magnitude of the HPDI is decreased
between 0.06 s and 0.14 s which indicates a sag PQE. Figure 18c also shows that a pattern
constituted by one high peak and one lower peak compared to the base level is observed
on the HPDI over the entire time range corresponding to every cycle which indicates the
spikes. Figure 18d shows that the magnitude of the CPDI is decreased between 0.06 s and
0.14 s which indicates a sag PQE. Further, peaks observed at 0.06 s and 0.14 s indicate the
starting and end of a sag PQE. Figure 18d also shows that a pattern of high magnitude two
sharp close peaks associated with every cycle is observed on the SPDI which indicates the
spikes PQE. Figure 18e shows that the high magnitude of the LPDI at 0.06 s and 0.14 s helps
to localize the sag PQE. Figure 18e also shows that a pattern of high magnitude peak with
one peak near the root level is associated with every cycle on the LPDI which indicates that
the spikes PQE is localized.

4.3. Power Quality Events of Multiplicity Three

This section details the simulation results to detect the three PQEs associated with a
voltage signal. A PQE with multiplicity three is considered acombined PQ event (CPQE).

Voltage Sag, Harmonics and Oscillatory Transient CPQE

A PQE with multiplicity three is considered a combined PQ event (CPQE). A voltage
signal with CPQE of sag, harmonics and OT is processed using the ST and the HT to
compute the SPDI and the HPDI, respectively. This voltage signal is decomposed using
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DWT to compute coefficients Al and D1. Classification feature indexes CFI1, CFI2, CFI3
and CFI4 are computed from a voltage signal with sag, harmonics and OT, Al, D1 and
mean energy. The SPDI, HPDI, CFI1, CFI2, CFI3 and CFI4 are multiplied to compute the
CPDI. The CPDl is differentiated with respect to time to compute the LPDI. Voltage signals
with sag, harmonics and OT, SPDI, HPDI, CPDI and LPDI are depicted in Figure 19a-e,
respectively. The magnitude of classification features CFI1 to CFI7 for a voltage waveform
with sag, harmonics and OT CPQE is included in Table 2.
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Figure 19. Voltage sag, harmonics and oscillatory transient CPQE: (a) voltage waveform; (b) SPDI;
(c) HPDI; (d) CPD], (e) LPDI.

Figure 19a shows that the magnitude of the voltage waveform is decreased between
0.10 s and 0.16 s which indicates a sag PQE. Figure 19a also shows that a high magnitude
bump with large transient components is observed between 0.06 s and 0.08 s on the voltage
waveform which indicates an OT. Figure 19a shows that harmonics are associated with
the voltage waveform at a regular interval. Figure 19b shows that the magnitude of the
SPDI is decreased between 0.10 s and 0.16 s which indicates a sag PQE. Further, peaks
observed at 0.06 s and 0.14 s indicate the starting and the end of the sag PQE. Figure 19b
also shows that the high magnitude of the SPDI is observed between 0.06 s and 0.08 s
which indicates that an OT PQE is detected. Further, peaks are also observed at 0.08 s and
0.10 s which indicates the starting and the end of OT. Figure 19b shows that ripples with
a regular pattern are associated with the SPDI which indicates that a harmonics PQE is
detected. Figure 19¢ shows that the magnitude of the HPDI is decreased between 0.10 s
and 0.16 s which indicates a sag PQE. Figure 19c shows that high magnitude ripples are
observed on the HPDI between 0.06 s and 0.08 s which indicates that an OT PQE is detected.
Figure 19¢ shows that a pattern of three ripples with one peak high and two peaks having
relatively low magnitude are observed over the entire time range with the HPDI which
indicates the presence of harmonics. Figure 19d shows that the magnitude of the CPDI is
decreased between 0.10 s and 0.16 s which indicates a sag PQE. Further, peaks observed
at 0.06 s and 0.14 s indicate the starting and the end of a sag PQE. Figure 19d shows that
the high magnitude of the CPDI with ripples on the upper surface is observed between
0.06 s and 0.08 s which indicates an OT. Figure 19d shows that a pattern of three ripples
with one peak high and two peaks relatively low are observed over the entire time range
with the CPDI which indicates the presence of harmonics. Figure 19e shows that the high
magnitude of the LPDI at 0.10 s and 0.16 s helps to localize the sag PQE. Figure 19e shows
that high magnitude peaks are observed on the LPDI between 0.06 s and 0.08 s which helps
to localize the OT. Figure 19e shows that a pattern of six ripples with two peaks high and
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four peaks relatively low is observed over the entire time range of the LPDI which locates
the presence of every harmonic.

4.4. Power Quality Events of Multiplicity Four

This section details the simulation results to detect the four PQEs associated with a
voltage signal. A PQE with multiplicity four is considered a CPQE.

Voltage Sag, Harmonics, Impulsive Transient and Oscillatory Transient CPQE

A voltage signal with a CPQE of sag, harmonics, IT and OT is processed using the
proposed method to compute SPDI, HPDI, CPDI, LPDI and CFls. The voltage signal
with CPQE of sag, harmonics, IT and OT, SPDI, HPDI, CPDI and LPDI are depicted in
Figure 20a—e, respectively. The magnitude of the classification features CFI1 to CFI7 for the
voltage waveform with sag, harmonics, IT and OT is included in Table 2.
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Figure 20. Voltage sag, harmonics, impulsive transient and oscillatory transient CPQE: (a) voltage
waveform; (b) SPDI; (c) HPDI; (d) CPDI; (e) LPDI.

Figure 20a shows that the magnitude of the voltage waveform is decreased between
0.10 s to 0.16 s which indicates that a sag PQE is associated with the waveform. Figure 20a
also shows that a high magnitude bump with large transient components is observed
between 0.06 s and 0.08 s on the voltage waveform which indicates an OT associated with
the voltage waveform. Figure 20a shows that harmonics are associated with the voltage
waveform at a regular interval. Figure 20a shows that a high magnitude sharp peak is
associated with the voltage waveform between 0.022 s and 0.025 s which indicates an
IT. Figure 20b shows that the magnitude of the SPDI is decreased between 0.10 s and
0.16 s which indicates that a sag PQE is detected. Further, peaks observed at 0.06 s and
0.14 s indicate the starting and the end of the sag PQE. Figure 20b also shows that a high
magnitude of the SPDI is observed between 0.06 s and 0.08 s which indicates that an OT
PQE is detected. Further, peaks are also observed at 0.08 s and 0.10 s which indicates the
starting and end of an OT PQE. Figure 20b shows that ripples with a regular pattern are
associated with the SPDI which indicates that a harmonics PQE is detected. Figure 20b
shows that the high magnitude sharp peak observed on the SPDI between 0.022 s and
0.025 s indicates that an IT is detected. Figure 20c shows that the magnitude of the HPDI is
decreased between 0.10 s and 0.16 s which indicates that a sag PQE is detected. Figure 20c
shows that high magnitude ripples are observed on the HPDI between 0.06 s and 0.08 s
which indicates that an OT is detected. Figure 20c shows that a pattern of three ripples with
one peak high and two peaks relatively low is observed over the entire time range with the
HPDI which indicates the presence of harmonics. Figure 20c shows that a high magnitude
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sharp peak is observed on the HPDI between 0.022 s and 0.025 s which indicates that an
IT is detected. Figure 20d shows that the magnitude of the CPDI is decreased between
0.10 s and 0.16 s which indicates that a sag PQE is detected. Further, peaks observed at
0.06 s and 0.14 s indicates the starting and the end of the sag PQE. Figure 20d shows that
the high magnitude of the CPDI with ripples on the upper surface is observed between
0.06 s and 0.08 s which indicates an OT. Figure 20d shows that a pattern of three ripples
with one peak high and two peaks relatively low is observed over the entire time range
with the CPDI which indicates the presence of harmonics. Figure 20d shows that the high
magnitude sharp peak observed on the CPDI between 0.022 s and 0.025 s indicates that
an IT PQE is detected. Figure 20e shows that the high magnitude of the LPDI at 0.10 s to
0.16 s helps to localize the sag PQE with respect to the time. Figure 20e shows that the high
magnitude peaks are observed on the LPDI between 0.06 s to 0.08 s which helps to localize
the OT with respect to the time. Figure 20e shows that a pattern of six ripples with two
peaks high and four peaks relatively low is observed over the entire time range of the LPDI
which locates the presence of every harmonic. Figure 20e shows that a high magnitude
with two close sharp peaks are observed on the LPDI between 0.022 s and 0.025 s which
helps to localize the IT.

5. Classification of PQE

The power quality events are categorized and identified using the rule-based decision
tree (RBDT) using the PQE classification feature indexes CFI1 to CFI7 as features for
decision rules. The decision rules and classification tree for the investigated PQEs obtained
using these rules are illustrated in Figure 21. RBDT is selected for classification of the
PQEs because it has a simple nature, and it is based on the use of if then else rules. This
results in less computation time for classification of PQEs, specifically for the multiple
nature PQEs. The intelligent techniques, such as artificial neural network (ANN) and
support vector machine (SVM), become slow for detection of multiple nature PQEs due to
the complex nature of features. The threshold values used for differentiating the different
groups of PQEs and discriminating each PQE from a particular group of PQEs are selected
by testing the algorithm on a large data set. A total of 110 disturbances for each PQE
is simulated by changing the parameters, such as signal frequency, signal magnitude,
disturbance magnitude, disturbance frequency, time incidence of a PQE, etc. Only those
values are selected as threshold for which the PQEs are effectively classified during all the
PQE data scenarios. A data set of 10 disturbances of PQE3 computed by variations of swell
magnitude, signal frequency and time interval is included in Table 3. In a similar manner, a
complete data set is computed using the simulation studies.

The classification is started using the CFI7 by grouping all the PQEs and CPQEs in
two groups. PQEs with CFI7 > 40 are included in the PQE Group-1 (PG1), and PQEs with
CFI7 < 40 are included in the PQE Group-2 (PG2).

PQEs and CPQEs included in PG1 are further classified using CFI1 in two groups:
PG11 and PG12. PQEs and CPQEs with CFI1 > 35 are included in the category of PG11 and
events with CFI1 < 35 are included in the category of PG12. CPQEs included in the group
PGI11 are further classified one by one using various decision rules which are illustrated in
Figure 21. PQEs and CPQEs included in the group PG12 are further classified one by one
using various decision rules which are illustrated in Figure 21.

PQEs and CPQEs included in PG2 are further classified using CFI7 in two groups:
PG21 and PG22. PQEs and CPQEs with CFI7 > 700 are included in the category of PG21
and events with CFI7 < 700 are included in the category of PG22. CPQEs included in the
group PG21 are further classified one by one using various decision rules illustrated in
Figure 21. PQEs and CPQEs included in the group PG22 are further classified one by one
using various decision rules illustrated in Figure 21.
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Table 3. Magnitude of CFlIs for voltage swell (PQE3).

PQE Classification Index
CFI1 CFI2 CFI3 CFI4 CFI5 CFl6 CFI7

S.No. Type of Data Set

10% Swell with 50 Hz Frequency &

1 0.08 s time interval 441925 256.4699 0.0103 0.0341 3.9177 1.3301 14.1702
2 20% Swell with 50 Hz Frequency & 0.08 s time interval ~ 46.0846 263.0518 0.0104 0.0352 4.0124 1.3505 15.2005
3 25% Swell with 50 Hz Frequency & 0.08 s time interval =~ 48.0005 266.0879 0.0105 0.0367 4.0324 1.3710 15.1632
4 30% Swell with 50 Hz Frequency & 0.08 s time interval =~ 48.879  267.2578 0.0105 0.0369 4.0892 1.3805 15.859

5 10% Swell with 60 Hz Frequency & 0.08 s time interval  43.872  255.0618 0.0103 0.0339 3.8902 1.3298  14.1005
6 20% Swell with 60 Hz Frequency & 0.08 s time interval = 46.0001 263.0005 0.0103  0.0350 3.9998 1.3486 15.1720
7 25% Swell with 60 Hz Frequency & 0.08 s time interval =~ 48.825  265.0825 0.0105 0.0365 4.0102 1.3682  15.0285
8 30% Swell with 60 Hz Frequency & 0.08 s time interval ~ 48.0589 266.4086 0.0105 0.0368 4.0725 1.3799  15.7281
9 10% Swell with 50 Hz Frequency & 0.04 s time interval = 44.1021 256.4102 0.0103  0.0340 3.9176 1.3300 14.1700
10 20% Swell with 50 Hz Frequency & 0.10 s time interval =~ 46.0002 263.0101 0.0104 0.0350 4.0138 1.3504 15.1089

Compute PQ classification feature indexes CFI1 to CFI7

PQE Group-PG2 No Yes PQE Group-PG1
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PQE Group PG22 No Yes Pg%g (Ifg)gg 1;%2];9 PQE Group PG12 No Yes | PQE Group PG11
PQEI to PQE4, CPQEI POLID ChaLs. CPOke PQE7, PQES, CPQE3, CPQE4 CPQES, CPQET, CPQES
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Figure 21. Classification tree for PQEs.

Accuracy of the method is computed by evaluating the number of accurately and
inaccurately categorized PQEs and CPQEs. A total of 110 disturbances of each PQE are
simulated by changing the various parameters, such as frequency, magnitude, time of
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incidence, etc. Accurately categorized, inaccurately categorized and percentage accuracy to
categorize the PQEs in a noise free environment and an environment of 20 dB SNR noise
level is elaborated in Table 4. The average accuracy of the method is computed by averaging
the accuracy of the categorization for all the PQEs and CPQEs. The first summation of
categorization accuracy of all PQEs and CPQEs is computed and the result fis divided by 18
to compute the average categorization accuracy of the proposed method. It is inferred from
Table 4 that the proposed method is effective to categorize the PQEs with an accuracy of
98.58% in the noise-free scenario and 97.62% accuracy in the noisy scenario of 20 dB SNR.

Table 4. Accuracy of the proposed method for categorization of PQEs.

Symbol Nos. of Tested PQEs Nos. of Accurate PQEs Nos. of Inaccurate PQEs Categorization Accuracy (%)
S. No. of PQE without Noise without Noise without Noise without Noise
Noise Present Noise Present Noise Present Noise Present

1 PQE1 110 110 110 110 0 0 100 100

2 PQE2 110 110 110 110 0 0 100 100

3 PQE3 110 110 110 110 0 0 100 100

4 PQE4 110 110 110 110 0 0 100 100

5 PQE5 110 110 107 105 3 5 97.27 95.45

6 PQE6 110 110 106 104 4 6 96.36 94.54

7 PQE7 110 110 110 110 0 0 100 100

8 PQES8 110 110 110 110 0 0 100 100

9 PQE9 110 110 109 108 1 2 99.09 98.18

10 PQE10 110 110 108 107 2 3 98.18 97.27

11 CPQE1 110 110 110 109 0 1 100 99.09

12 CPQE2 110 110 106 102 4 8 96.36 92.73

13 CPQE3 110 110 108 108 2 2 98.18 98.18

14 CPQE4 110 110 108 107 2 3 98.18 97.27

15 CPQE5 110 110 109 108 1 2 99.09 98.18

16 CPQE6 110 110 108 108 2 2 98.18 98.18

17 CPQE7 110 110 107 104 3 6 97.27 94.54

18 CPQES8 110 110 106 103 4 7 96.36 93.63
Average percentage Accuracy (%) 98.58 97.62

6. Validation of PQE Recognition on Real-Time Data of a Distribution Utility Network

The proposed method is tested to detect a PQE of voltage sag created due to a line-
to-ground (LG) fault event occurring on a 11 kV feeder emanating from a 33/11 kV grid
sub-station (GSS) of the distribution network of Jaipur Vidyut Votaran Nigam Limited
(JVVNL), India. The practical test distribution line (TDL) used for the study is illustrated
in Figure 22. The distribution substation transformer (DST) represents the 33/11 kV
distribution sub-station (DSS) where the distribution bus (DB)-1 is maintained at 33 kV
voltage, and DB-2 is maintained at 11 kV voltage. The DST is rated at 8 MVA, 33/11 kV. This
DSS is connected to three 33 kV lines which emanate from the 132/33 kV grid sub-stations
(GSS) of the utility grid. Hence, the utility grid represents the large area network of the
power system. DB-3 is maintained on 11 kV. An aluminium conductor steel reinforced
(ACSR) conductor is used for the practical 11 kV distribution line connecting DB-2 and
DB-3. Details of the ACSR conductor are included in Table 5. The distribution transformer
(DT) is rated at 60 kVAr and 11/0.44 kV. DB-4 is operated at 0.44 kV, and the load which is
being fed from the DT is represented by distribution load (DL) connected on DB-4. DL is
recorded equal to 28.14 kVAr at the time of taking the practical data of the LG fault. The
primary distribution load (PDL) which is being fed from the DSS on 11 kV is represented
by PDL which is equal to 3.78 MVA at the time of data recording.
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Figure 22. Test practical distribution line.

Table 5. Technical specifications of ACSR conductor of 11 kV overhead lines.

S. No. Technical Parameter Quantity

1 Overall conductor diameter 14.15 mm

2 Total conductor sectional area 118.5 mm?

3 Total weight of conductor 394 kg/km

4 Breaking load of conductor 3270 daN

5 DC resistance of conductor at 20 °C 0.2733 (2/km
6 Current Rating of conductor 270 A

Voltage data for a period of 12-cycle duration are collected from the disturbance
recorder installed on bus DB-2 of the distribution system. These data are analyzed using
the proposed method. The voltage waveform, the CPDI and the LPDI are illustrated in
Figure 23a—c, respectively.
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Figure 23. Detection of sag PQE due to a fault event: (a) voltage waveform; (b) CPDI; (c) LPDL

Figure 23a details that a sag event is associated with the voltage waveform. Figure 23b
details that the voltage sag is effectively detected by the decreased magnitude of the CPDI
and high magnitude peaks at the time of the start and the end of a sag in voltage. Figure 23c
details that high magnitude peaks at the time of the start and the end of the sag event
localized the sag in the time domain.
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7. Performance Comparative Study

The performance of the proposed PQ recognition technique is compared with a DWT-
based technique available in [24]. The performance comparative study of the techniques
considering different parameters is compiled in Table 6. It is established that the PQ
spotting technique investigated in this paper performs better compared to the DWT-based
method in terms of detection of changes in the frequency and voltage magnitude of the
signal. The accuracy of the PQ classification of the investigated method is 98.58% in the
noise-free environment which is higher compared to the DWT-based method which has
95.28% accuracy. Accuracy of the PQ classification of the investigated method is 97.62% in
the noisy scenario which is higher compared to the DWT-based method which has 92.84%
accuracy. The maximum computational time of PQ detection for the investigated method
is 0.080564 s which is lower than the DW-based method which has a computational time
of 0.3032 s. The investigated method is effective to detect PQ events of multiplicity four,
whereas the DWT method is effective to recognize PQEs of multiplicity one.

Table 6. Comparative study of the proposed method with the DWT-based method.

S. No. Comparison Parameter Proposed Method DWT Method [24]
1 Accuracy of classification without noise 98.58% 95.28%

2 Accuracy of classification with 20 dB SNR noise 97.62% 92.84%

3 Maximum computational time of PQ detection 0.080564 s 0.3032 s

4 Multiplicity of PQE which can be effectively detected 4 1

8. Conclusions

This paper investigated a PQ detection and categorization algorithm actuated by
multiple signal processing techniques (ST, HT and DWT) and RBDT. A voltage waveform
with a PQE is processed using the ST and the HT to compute the SPDI and the HPDI,
respectively. A voltage waveform is decomposed using DWT to compute CFIs. A CPDI
is computed from SPDI, HPDI and CFIs. The CPDI is used for the detection of PQEs.
The LPDI is proposed to locate the PQEs in the time domain. The LPDI is computed by
differentiating the CPDI with respect to time. An RBDT-based classifier driven by the
CFls is used for categorization of different PQEs. It is concluded that the CPDI effectively
detects the PQEs, such as sag, swell, MI, harmonics, flicker, notches, spikes, IT, OT and
combined PQEs, with multiplicity of two, three and four. Further, it is also concluded that
the designed RBDT-based classifier using the CFls as input features is effective to categorize
the PQEs and CPQEs with an accuracy of 98.58% in a noise-free environment and 97.62%
in the presence of 20 dB SNR noise with low computational time of 0.080564 s. Accuracy as
high as intelligent techniques has been achieved using the simple nature RBDT classifier.
The designed PQ recognition algorithm has the advantages that the weight factor has been
replaced by the features computed from the PQE signal, and the computational burden is
reduced. The algorithm is also effective to detect a sag PQ event due to an LG fault incident
on a practical distribution utility network. A comparative study of the investigated method
with a DWT-based technique is performed, and it is established that the investigated
method performs better compared to the DWT in terms of accuracy of classification with
and without noise, maximum computational time of PQ detection and multiplicity of PQE
which can be effectively detected. The designed algorithm can effectively be deployed in
online PQ monitoring devices.
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Abbreviations

Abbreviations used in this article are detailed below:

ACSR Aluminium conductor steel reinforced
ANN Artificial neural network
CFI Classification feature index

CPDI Combined PQ disturbance index
CPQE Combined PQ event

DB Distribution bus
DSS Distribution sub-station
DL Distribution load
DT Distribution transformer
DTCWT  Dual Tree Complex Wavelet Transform
DWT Discrete Wavelet transform
EWT Empirical wavelet transform
FFT Fast Fourier transform
GSS Grid sub-station
HPDI Hilbert PQ disturbance index
HT Hilbert transform
1T Impulsive transient
JVVNL  Jaipur Vidyut Vitaran Nigam Limited
LG Line to ground fault
LPDI Location PQ disturbance index
MI Momentary interruption
MST Modified Stockwell transform
oT Oscillatory transient
PDL Primary distribution load
PQ Power quality
PQE Power quality event
RBDT Rule based decision tree
RES Renewable energy sources
SNR Signal to noise ratio
SOM Stockwell output matrix
SOMA Matrix of absolute values of SOM
SPDI Stockwell PQ disturbance index
SSI Stockwell summation index
SSPQD Single shot PQ detection
ST Stockwell transform
SVM Support vector machine
TDL Practical test distribution line
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