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Abstract: This article proposes the use of three-band Wavelet Packet Transform (i.e. M-band wavelet packet transform with
M=3) based technique to recognise the power quality disturbances. The power quality issues such as voltage sag, voltage swell,
momentary interruptions, voltage sag along with harmonics, voltage swell along with harmonics, flicker, transient and signals
polluted due to presence of harmonics are simulated in MATLAB environment as per IEEE 1159-2009 standards definition.
Identification of these power quality problems is carried out using a statistical parameter, Root Mean Square (RMS) of the
signal which is computed for each wavelet packet transform coefficient. Analysis is carried out for different magnitudes of
disturbances as well as for different time durations.The detailed simulation results are presented to support the feasibility of the
present technique.
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L. INTRODUCTION
Pollution has been introduced into power systems due to nonlinear loads such as transformers and saturated coils; however,
perturbation rate has never reached the current levels [1]. Power Electronics converters, ever more widely used in industrial,
commercial and domestic applications, suffer from the problem of drawing non-sinusoidal current and reactive power from the
source [2]. So, power quality (PQ) analysis is becoming the most interesting area of research in past several years for
characterization [3,4] and classification of events [5]. Poor power quality (PQ) may lead to partial or complete failure of equipment,
loss of important data etc. Prior identification of the type and location of disturbances is of foremost importance in modern electric
distribution system [6]-[7]. The various types of PQ issues are defined in IEEE standards 1159-2009 in terms of their frequency,
magnitude and duration. Perfect evaluation of the electric power quality requires established and standard indices to quantify the
effect of different power quality disturbances [8]. The acceptable PQ indices should be able to show the amount of deviation from
the desired pure power supply [9]-[11]. Moreover, the detection and localization of the disturbances lead to know the causes and
sources of disturbances [12].
The fast detection of PQ disturbance is becoming an important factor in deregulated market [13]. Different signal processing
techniques have been used in order to detect and identify the disturbances. The Fourier Transform is suitable to analyze stationary
signals but not suitable for non-stationary signals such as the transient signals [14].To resolve this, the short time fourier transform
(STFT) divides the signal into small segments, where these signal segments can be assumed to be stationary [15]. Wavelet transform
is more suitable than STFT as STFT possesses fixed window property [16]. Popular extensions to the wavelet transform are the
wavelet packet transform (WPT) and the M-band wavelet transform [17]. If there are high frequency signals with relatively narrow
bandwidth (like a long RF pulse), the decomposition is not well suited [18]. In order to overcome this problem M-band orthonormal
wavelet bases have been constructed recently by several authors [19], [20] as a direct generalization of the two-band wavelets of
Daubechies [21].M-band WPT is the direct generalisation of conventional two-band WPT [22]. In contrast to M-band wavelet
decompositions, M-band wavelet packets allow more flexible time frequency tiling.
Previously the analysis of PQ disturbances was done using conventional two-band WPT [14]. The main objective of this paper is to
propose a method for the detection and analysis of PQ disturbances using three-band WPT.

11.  M-BAND WAVELET PACKET TRANSFORM

The mathematical back ground of M-band wavelets enables the construction of M-band WPT similar to two-band WPT. Let
hy € RN — [1(Z) be a unitary M-band scaling filter of finite length N, i.e.

Yhzaho(k) =M (1)
VI e Z: EN-2hy(K) ho(k +MI) = (1) @)
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Then the M-band dilation equation [18]

Wo(t) = VM X550 ho(K) o (Mt — K) (©)
Has a unique solution ¥, € L*(R) N L*(R).

For a given h, sequence of unitary wavelet filters h,,...,h,_, of length N is chosen, i.e., a sequence of filters
(hg, hy, ..., hy—,) forming a unitary M-band filter bank.

Then,forl<i<M,
¥i(t) := VM ZEZ3 hy(k) o (Mt — k) 4)

Defines M — 1 wavelets i, ,1,, ..., ¥, _, Whose dilates and translates form a wavelet tight frame for L2(R) [18]. Now recursively
define M-band wavelet packet functions by

Wo =g, ., Wyog = Pyq ®)
Further, for neN-and 0 <j < M Wy (D) = VM Xz hy(K) W, (Mt — k). Defining the dilation operator 8,,/(.) == VMf(M).
The M - band WPT produces large number of sub bands which improve the accuracy and it is required for good quality
segmentation. Fig. 1 shows the decomposition tree of M-band WPT with M=3 up to decomposition level 2 for 1-D signal. At level
(0,0) the sampled signal is passed through first level of three-band biorthogonal linear phase wavelet filters in order to get one
approximate coefficient and two detailed coefficients i.e. (1,0) ,(1,1) and (1,2) resp. At the next level approximate as well as both

detail coefficients will again pass through three-band biorthogonal linear phase wavelet filters. This process is continued till the
desired level of decomposition is achieved.

(0,0)
A A;f\‘ A/u&
(2,0) (2,1) (22) (23) (24) (29 {2,6) (27) (2,8)

Fig. 1 Two Level decomposition of 1-D signal using three-band WPT

Ideal M-band filter bank with M > 2 subbands is the extension of the two band filter bank which improves the frequency resolution
[23]. In M channel filter bank the bandwidth of the filter bank is divided into M bands [24] as shown in Fig. 2.

> H, _)@_>Fo(x)
S H, _>@—)F1(X)

—)@—) Fp(x)
Hyy 3 < : :: ) > Fp_1 ()

Fig.2 M-channel analysis filter bank

F(x)

A 4
£
N

Thus, WPT analyses both high and low frequency contents of the signal. In addition to this, M-band WPT generates more number of
sub bands as compare to conventional two-band WPT. This makes M-band WPT a strong contender for finer PQ analysis.
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I1l.  MODELLING AND COMPUTATION OF PQ DISTURBANCES
Power quality disturbances such as voltage sag, voltage swell, momentary interruptions, voltage sag plus harmonics, voltage swell
plus harmonics, flicker, transients and 2 different patterns of harmonics are generated with variation in magnitude and time as per
IEEE 1159-2009 standards. PQ disturbances are processed with three-Band WPT up to decomposition level two using three-band
biorthogonal linear phase wavelet filters. Modeling equations of the pure (i.e. ideal) signal and PQ Disturbances studied are given in
Table 1.

TABLE |

MODELLING EQUATIONS OF POWER QUALITY DISTURBANCES

PQ Disturbance

Modelling Equation

Pure (No disturbance)

h(t) = sin wt

Voltage Sag

h(t) = [1 — a(u(t —t;) — u(t — t,))] sin(wt)

Voltage Swell

h(t) = [1 + a(u(t —t;) — u(t — t,))] sin(wt)

Momentary interruption

h(t) = [1 — a(u(t - t;) — u(t — t,))] sin(wt) , « = 0.99

Voltage sag plus harmonics

h(t) = [1 — a(u(t — t;) — u(t — t,))] (o sin(wt) + az sin(3wt) + as sin(5wt))

Voltage swell plus harmonics

h(t) = [1 + a(u(t — t;) — u(t — t,))] (o sin(wt) + az sin(3wt) + as sin(5wt))

Flicker

h(t) = [1 + asin(2npt)] sin(wt)

Transient h(t) = sin(wt) + aexp(—(t — t;)t)(u(t — t;) — u(t — t,)) sin(2mf,t)

h(t) = o, sin(wt) + a3 sin(Bwt) + ag sin(5wt) + a, sin(7wt) + o, sin(Ywt)
h(t) = o, sin(wt) + a, sin(2wt) + o5 sin(3wt) + a, sin(4wt) + as sin(Swt)
+ o Sin(6wt) + o, sin(7wt)
+ og SiN(Bwt) + o SiN(wt) + a4, SiN(10wt)

Harmonics pattern 1
Harmonics pattern 2

Fig. 3(a) , 3(b) and 3(c) show voltage sag, voltage swell and momentary interruption respectively generated with the time period of
2 seconds. Fig. 3(d) shows transient with time period in milliseconds.
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Fig. 4(a) and (b) show harmonics along with 50% voltage swell and harmonics with 50% voltage sag for 5 cycle duration
respectively.Fig. 4 (c) and (d) show signals polluted due to presence of harmonics. Flickers for time duration of 0.2 seconds are

given in Fig. 4 (d).
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Fig. 4. Simulated PQ disturbances (a) Voltage swell with harmonics (b) Voltage sag with harmonics (c) Harmonics pattern
1 (d) Harmonics pattern 2 (e) Flicker

(AVA

SIMULATION RESULTS AND DISCUSSION

A statistical parameter RMS,,,x based on the RMS value of the three-band WPT co-efficient is computed for each decomposition

coefficient (i,j) and for all the PQ disturbances as:

RMS, . =

Shoq(xp)?
n

(6)
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Where, n=length of the (i, j)" three-band WPT decomposition coefficient.

Fig. 5 (a)-(b) show the plot of RMS,,; of voltage sag to its three-band WPT decomposition coefficients with variation in sag
magnitude and cycle variation respectively. Plots also show the behaviour of the RMS,,,; for pure signal. It can be observed that the
value of statistical parameter RMS,,,; decreases from the value of the same parameter calculated for pure signal as the magnitude or
cycle duration of disturbance increases especially for the decompositions belonging to the left hand side of the decomposition tree in

Fig. 1 (i.e. for lower frequency bands).
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It can be observed from Fig. 5 (c) and (d) that in case of voltage swell, value of RMS,,; increases from pure with increase in
magnitude or cycle duration of the disturbance. Similar plot for momentary interruption with variation in cycle duration is given in
Fig. 5 (e). In this case the behaviour of the RMS,; is same as voltage sag. Fig. 5 () indicates that for flicker the values are slightly
higher than that of pure signal. Fig. 6 (a) and (b) show that for voltage sag with harmonics the value of RMS,,,; decreases from pure
for the lower frequency band whereas in case of voltage swell plus harmonics it increases from pure signal. From Fig. 6 (c) and (d)
it can be observed that for both the patterns of harmonically polluted signals, RMS,, is showing higher values than pure signal. The
graphs show major change from pure signal at decomposition coefficient (2, 0).

180 ; ; T 250 : : . . . !
h)

"\ — — —PURE — — —PURE

160 |- [ o SAG+HARMONICS | | —©— SWELL+HARMONICS

RMSwpt

(0,0) (1,0) (2,0) (2,1) (2,2) (1,1) (2,3) (2,4 (2,5) (1,2) (2,6) (2,7) (2,8)

(0,0) (1,0) (2,0) 2,1 22 (1,1 (2,3) (2,9 (2,5 (1,2) (2,6) (2,7) (2,8) = =)
Decomposition Coefficient Decomposition Coefficient
(@) (b)
250 250 T T T T T T T T T T T T
— — —PURE — — —PURE
—©— HARMONICS 1 —O©— HARMONICS 2
B - B 1
& &
= =
or or
(0,0) (1,0) (2,0) (2,1) (Z,é) 1,1 2,3) (2,4)7(2,5) (1,2) (2,8) (2,7) (2,8) ©,0) (1,0) 20 2,1 (22) (1,1) 23) 24 25 (1,2) (26) 27) (2.8
Decomposition Coefficient Decomposition Coefficient
(©) (d)
250 T T T T T T T T T T T T
— — —PURE
—O— Transient
200 A‘ -
150 b
B
=
[}
=
o
100 b
50¢ -

(0,0) (1,0) (2,0) (2,1) 2,2) (1,1) 2,3) 2.4 2,5 (1,2) 2,6) 2,7) (2,8
Decomposition Coefficient

Fig. 6 RMS,,,; analysis of PQ disturbances for (a) Voltage sag with harmonics (b) Voltage sswell with harmonics (c) Harmonics
pattern 1(d) Harmonics pattern 2 (e) Transient

©IJRASET (UGC Approved Journal): All Rights are Reserved



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 6.887
Volume 6 Issue 111, March 2018- Available at www.ijraset.com

Fig. 6(e) shows that in case of transient, value of statistical parameter RMS,,,; decreases drastically from pure at decomposition
coefficient (2,0).Fig. 5 and Fig. 6 show that there are prominent changes in the values of RMSwpt at decomposition coefficient (2,1)
and (2,4) for voltage sag, voltage swell, momentary interruption and also for flicker. Detailed analysis of RMS,, at these two
decomposition coefficients is presented in the tabular form below. On comparing these results with the results obtained by
conventional two-band WPT based technique [14], it can be observed that the three-band WPT is giving equally accurate results at
lower decomposition level with more number of subbands i.e. three-band WPT is giving finer analysis with less computational
complexity.

Analysis of RMS,,; value for decomposition coefficients (2,1) and (2,4) for voltage sag with variation in magnitude (keeping
constant duration) and with variation in time duration (keeping constant magnitude) is given in Table 2. Similar analysis for voltage
swell is given in Table 3.

It can be observed from Table 2 that as magnitude of voltage sag increases the RMS,, decreases linearly for both the decomposition
coefficients. Also as time duration of voltage sag with constant magnitude increases, the values of RMS,, at both the
decomposition coefficients (2, 1) and (2, 4) decreases as compared to pure signal result.

TABLE Il

ANALYSIS OF RMS,,,; AT COEFFICIENT (2,1) AND RMS,,;; AT COEFFICIENT (2,4) FOR VOLTAGE SAG MAGNITUDE
VARIATION AND TIME DURATION VARIATION

Sag Magnitude Duration
Sr.No. (%) (Cycles) RMS, at (2,1) RMS,: at (2,4)
1 0 4 179.86 134.72
2 30 4 160.63 117.24
3 50 4 149.99 108.16
4 50 3 162.06 110.38
5 50 5 133.88 108.92

Table 3 shows that as magnitude of voltage swell increases, the RMS,,, increases linearly for both the decomposition coefficients.
Also as time duration of voltage swell with constant magnitude increases the values of RMS,,; at (2, 1) and (2, 4) increase.

TABLE Il
ANALYSIS OF RMS,,;; AT COEFFICIENT (2,1) AND RMS,,; AT COEFFICIENT (2,4) FOR VOLTAGE SWELL
MAGNITUDE VARIATION AND TIME DURATION VARIATION

Swell Magnitude Duration RMS, at
Sr.No. (%) (Cycles) RMS, at (2,1) (2,4)
1 0 4 179.86 134.72
2 30 4 214.87 156.72
3 50 4 239.09 172.47
4 50 3 206.39 162.26
5 50 5 234.84 169.52

Results of similar analysis for Momentary interruptions with variation in duration are given in Table 4.With increase in time
duration the value of RMS,,;,; decreases from pure for both the decomposition coefficients.

TABLE IV
RMS,;: ANALYSIS FOR MOMENTARY INTERRUPTION WITH VARIATION IN TIME DURATION
Sr. No. Duration (Cycles) RMS, at (2,1) RMS,: at (2,4)
1 0 179.86 134.72
2 3 149.87 104.31
3 5 108.97 99.40
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Table 5 shows the RMS,,; values at each WPT coefficient upto decomposition level 2 (Fig. 1) for voltage sag with harmonics and
voltage swell with harmonics. The same table also contains the results for pure signal, flicker and transient. Here prominent change
is observed at decomposition coefficient (2, 1) for pure signal as well as for voltage sag with harmonics, voltage swell with
harmonics and flicker. In case of transient, Table 5 shows that major change is noticed at decomposition coefficient (2, 0) which is
low frequency coefficient. It is observed that for lower frequency coefficients the value of RMS,, is less than the value of RMS,,
for pure signal. But moving towards higher frequency coefficients (i.e. coefficients to the right of (2, 2) in the graph) the value of
RMS,,: is having values higher than that of pure signal.

TABLE V
RMS,,: VALUES FOR PQ DISTURBANCES WITH FIXED MAGNITUDE AND TIME DURATION
RMS,, at (2,1)
Voltage Sag
Decomposition with Voltage Swell
coefficient Pure harmonic With harmonic Flicker Transient
(0,0) 70.38 53.75 86.65 70.78 48.15
(1,0 94.81 72.83 116.29 94.97 80.49
(2,0 25.92 25.62 28.83 25.98 115.81
(2,1) 179.86 133.27 223.69 179.40 75.58
(2,2) 29.13 23.22 35.02 29.68 4.03
(1,1 69.17 51.29 87.03 70.40 20.47
(2,3) 9.78 9.69 11.68 12.95 23.98
(2,4) 134.72 101.55 167.22 137.59 29.77
(2,5) 23.22 18.27 29.21 24.37 6.42
(1,2) 1.85 212 2.64 3.27 4.01
(2,6) 0.57 0.94 1.01 3.98 2.73
(2,7 3.15 2.73 341 3.78 7.80
(2,8) 0.85 1.41 1.80 0.85 2.22

Similar analysis for Harmonics pattern 1 and pattern 2 is given in Table 6. The prominent change is noticed at decomposition
coefficient (2, 0) which is lower frequency coefficient.

TABLE VI
ANALYSIS OF RMSypr VALUES FOR HARMONICS PATTERN 1 AND PATTERN 2
RMSwpt for
Decomposition Harmonics Harmonics
coefficient Pure Pattern 1 Pattern 2
(0,0 70.69 77.76 78.29
(1,0 121.52 132.87 133.79
(2,0 204.12 215.59 217.04
(2,1) 38.16 76.73 77.64
(2,2) 0.41 1.99 1.89
(1,2 7.46 16.50 16.47
(2,3) 12.48 19.82 20.07
(2,4) 2.72 23.16 22.57
(2,5) 0.21 1.51 1.50
1,2 0.04 0.28 0.28
(2,6) 0.05 0.23 0.23
2,7 0.06 0.51 0.52
(2,8) 0.02 0.08 0.08
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V. CONCLUSION
In this paper, a new technique base on three-band wavelet packet transform is proposed for identification of PQ disturbances. Simulated
PQ disturbances like voltage sag, voltage swell, momentary interruptions, voltage sag along with harmonics, voltage swell along with
harmonics, flicker, transient, and signals polluted due to presence of harmonics are decomposed using three-band WPT up to
decomposition level 2.The statistical parameter RMS value of the signal is used for the analysis of the disturbances. Performance of the
proposed method has been evaluated for variation in the magnitude and duration of the disturbances like voltage sag, voltage swell and
momentary interruptions. From the observations we can conclude the following :

A. The statistical parameter used is showing linear trend which can be considered as a firm reason for reliability of the proposed
method for identification and classification of PQ disturbances.

B. Three-band WPT generates more number of subbands than conventional two band WPT which results in finer analysis of the
signal.

C. Moreover, three-band WPT is giving equally accurate results as conventional two-band WPT at lower decomposition level which
reduces the computational complexity. Thus three-band WPT gives finer analysis of the signal with less computational complexity.
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