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Classification of Power Quality Disturbances using
Features of Signals

Subhamita Roy and Sudipta Nath

Department bElectrical Engineering, Netaji Subhash Engineering College, Garia, Kelk&a52, India.

Abstract This paper proposes a power quality disturbancean capture the unique and salient characteristics of each
classification technique based on the energy of the distortdidturbance. A new fast processing method based on
signals. The multresolution analysis tdnique of DWT is mathematical morphology theo combined with threshold
employed on the distorted signals to extract the energyeory is proposed in [6] to denoise and locate the disturbance of
distribution features at different levels of resolution. To identifthe power quality signals corrupted by noise. Wavelet transform
the different power quality disturbances the energy difference @n be used in conjunction with Kalman filter for online +eal
each decomposition level is calculated withpesg to the energy time detection and classification ofoltage events in power
of the pure sinusoidal signal. Then probabilistic neural network systems [7]. Wavelet analysis has been used for detection and
applied to classify the power quality disturbances. Thestimation of the time related parameters of an event and the
simulation results validate the accuracy and efficiency of ttextended Kalman filtering is used for confirmation of the event
proposed method. and for computation of the voltage magniutliring the event.
A lot of research works have been carried out in the
Index Terms Power Quality, WaJvet Energy, Probabilistic classification of power quality events using intelligent techniques
Neural Network. including rule based fuzzy expert system [8]. The authors in [9]
proposed the design of a tool to quantipower quality
parameters using wavelets and fuzzy set theory. Wavelet
I. INTRODUCTION transform extracts features of power quality events and fuzzy

oor quality of electric power is normally caused by powe lassifiers clas_sﬁy events using these features._A wa_velet based
line disturbances, such as impulses, notches, glitchddZZy reasoning approach to power quality disturbance

momentary interruption wave faults, voltage sag, swell, harmor{i'lntca-lmition and idgntification has been presented in .[19]' TO
distortion and fliker resulting in misoperation or failure of end€Xiract power quality disturbance features the energy distribution

use equipment. A feasible approach needs to be introduced .fL he §ignal a_t each wavelet de_c_omposition Iev_el is. considered.
so that the signals of interest will be recognized, captured ybrid technique for characterizing power quality disturbances

classified automatically. Poor power quality may cause ma sed on discrete wavelet transform a_md Kalman filter for
problems that affecthe load such as malfunction, instability, xtractl_ng featur.es from the captured distorted waveform has
short lifetime and so on. According to the survey by IEE een d|sc_ussed in [11]. The_fuzzy exp_ert system has been used to
Transactions on Industrial Applications, power qualitfh":“acte_r 1€ the power quality events in the captured waveform.
disturbances lead to losses of $4 billion to $10 billion in the USA Artificial n_eural network can _be used to solve pawer ggahty
alone [2]. Therefore, the reseh of power quality issues has _problems particularly when traditional approaches have difficulty

captured ever increasing attention in the power engineeri achieving the desired speed, accuracy and selectivity. It also

society pfays a vital role in classification of faults [12]. Thencept of
The wavelet transform can be used to detect power qual ?tcrett)e wav_eletl transt:‘prrr& fgtrh fetiaft.u.rel extralctlo? Ofk potwer
problems and identify their occurrences in terms of tim&'>ouroance signal combined with artificial neural network acts as

generating data in both time canfrequency domains via a powerful tool for detectilng and classifying power lquality
multiresolution analysis. Fourier transform can be used Wimo?:e:jnsf[lS, |14]..¢n ejfectn;e wavelet bas;gd f(ejgtur% exdxract_
wavelet transform to extract unique features that characterZ¥th0 or classi ication o _power -qua |t.y_ |.stur ances 1s
power quality events from voltage or current waveforms [3 resented in [13]. The detection and classification of transient
These features are important to assist powegineers in ignals are widely _applled in many f|eld_s_ of power system.
pinpointing the cause of a disturbance event. Among variohower system transients can also be classified using wavelet and
power quality assessment methods, one of the importzﬂﬁua_l_network [16, 17_]'_ A neural fuzzy te<_:hno|ogy based
methodologies is disturbance classification. A novel powéfassifier for the recognition of power quality disturbances have
disturbance classifier using a rule based method and a wav&gE" Proposed by the authors in [18]. The classifier adopts neural
packet lased hidden Markov model has been presented in [ tworks in the architecture of frequency sensitive competitive
This method classified six types of actual recorded power qual mng and Igarnmg k:/e(;:t?r qulantligtlo_n. A fwavelet baslled
disturbances. Another novel approach for the classification turg extrac_uonl mﬁt 0 bor classl |cat|(cj)n. 0 1%ow;ar qz%a '“r/]
power quality disturbances based on inductive learning by usi turbance signals have been presented in [19]. n [20] the
decision tees has been presented in [5]. The wavelet transfo velet transform and multiresolution analysis technique have

has been utilized to produce representative feature vectors tﬁ%‘?n. employed Faﬂetect and locate dllsturbances. In order o
classify these disturbances an algorithm grouped them into
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classes by applying artificial neural network resulting in a hybrid o mp one n't by 6detail so and I
system. More recently-8ansform has been proposed in poweb appr oxi mati onso. The details
quality analysis to ovepme the drawbacks of the waveletcomponents and the approximations are the high scale low
transform [21]. Sransform based neural network classifier cah r equency componen®. pabhseesrtpr
effectively detect and classify different power quality events [22Jomplementary filters and emerges as two signals as shown in
and [23]. figure 1. But unfortunately if we perform this operation on a real
In this paper different stationary and nonstationary poweri gi t al signal then i f origina
quality disurbances such as sag, swell, interruption, flickedata, each of approximation and detaiill contain 1000
oscillatory transient, harmonic, sag with harmonic, swell witsamples, for a total of 2000. To overcome this problem the
harmonic, notch and spike are considered for pattern recognitiootion of down sampling is introduced. This simply means
and classification. The distorted signals are analyzed hy dibrowing away every second data point resulting in 500 samples
mother waveletupto 12 levels of decomposition. The energyf data for each of approximation and detail as showrgurdi 2.
values of all the detail levels are given as input to the neural
network.

Il. ' WAVELET TRANSFORM
Wavelet transform is used as a feature extraction tool |£ W i w
identify power quality disturbances. It findapplications in

different areas of engineering due to its ability to analyz

stationary and nostationary disturbances in signals. The majo

advantage of this method includes two aspects; the first one

that it can significantly reduce the dimensionatf the analyzed lﬂﬂﬂiﬂmﬂ&i lﬂﬂﬂjﬁﬂﬂ&ﬁ
data fori levels of decomposition. The second advantage is tt

this method keeps all the necessary characteristics of the origi

waveform for analysis.
The basic formula for continuous wavelet transform is @‘ ﬂﬁﬂﬁjﬂﬂ]ﬂlﬁ @-@— Mﬂi

i .at-t g

Wi(s2) _I;]f ®) \/Ey ¢ S Edt Figure 1: Approximation and detail containing
(1) Figure 2: Approximation and detail twice the data as the
original one using notfon of down sampling
where y(t) is the mother wavelet. The transformed signal
1 Figure 3 shows a one stage discrete wavelet transform of

a signal. The signal under consideration is a pure sinusoid with
high frequency noise added to it. The decomposition process can
rge iterated, with successive approgtions being decomposed in
turn so that one signal is broken down into many lower

frequencies with difrent resolution is called Multi Resolution esolution components. This is called wavelet decomposition tree
Analysis. Here every spectral component is not resolved equalrl : comp ' P
ays shown in figure 4.

MRA is designed to give good time resolution and pocC .
frequency resolution at high frequencies and good frequen cD High Frequency

resolution and poor time resoloti at low frequencies. This
approach makes sense especially when the signal at hand / — ot
S ‘ 500 DWT coeffic

function of two variables, translatior{() and scale (s) |S| is
called the normalization factor. Analysis of a signal at differe

high frequency components for short duration and low frequen
components for long duration.

2.1 Theory of Discrete Wavelet Transform(DWT)
Calculation of wavelet coefficients at every possible scal

is a fair amount of work and it generates a lot of data. Tt

analysis becomes more efficient and very accurate if we choc 1o gara pojnts cA Low Frequency
scales and positions based on powers of two which are cal
dyadic scale and positions. We obtain such an analysis from tt |

discrete wavelet transform. For most of the signals the lo
frequency content is the most important component which giv
the signal its original identity. The high frequency componer
imparts flavor or nuance. We identify the high frequency

~500 DWT coefficients
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Figure 3: Decomposition of signal with high frequency noise equations is that it introduces the flexibility of covering a wide
range of parameters.

In this section wavelet transform is used for feature
extraction of different power quality disturbances. The signals
are decomposed in 12 levels by DWT. The Daubechies 4 wavelet
function is adopted as mother wavelet. The energy of detail

8= A1+D1 coefficierts at each level of the decomposed signals is calculated.
f Those energy values are used to calculate the energy difference
values.
) To calculate the minimum decomposition level, the level
Ay 1T where the maximum energy deviation can be achieved with
respet to the reference signal is required. On the basis of that
number of decomposition level is required to specify.
@ =Ay+Dy+Dy+D, The procedure for the determination of the minimum level of
decomposition has been discussed by authors in [2], ig
Figure 4: Multilevel decomposition sampling fregency andf. is the frequency of the reference
signal then
Since the analysis process is iterative, theoretically it can be f f
continued indefinitely. In reality the decomposition can procee®d, (—>)- 1¢ N ¢ log, (—>)

only until the individual details consist of a single sample. In ref ref )
practice a suitable number of levels are selected basedeon \{fhere f= 5KHz and f; =50Hz.
nature of the signal or on a suitable criterion like entropy.

) From Eq.2 we get 5.64 M < 6.64 3
2.2 DWT for Feature Extraction Hence N can be considered as 6.
The major power line disturbances are sag, swell, harmoniggyy Ny = 2*N (4)

flicker, interruption, harmonics with swell, harmonics with sagrnerefore we get Nin = 2 * N =2*6= 12.
notch, oscillatory tranent and spike. In this paper these power

quality disturbance signals are generated by using the algebraic Hepce we have chosen 12 levels of decomposition and the
equations given in table I. The advantage of using algebraitaximum deviation is at'6level.

Table I: Different types of Power Quality Disturbances

DISTURBANCES | EQUATION PARAMETERS

Pure y(t)zgl:ﬁl:[,;;-ﬂt:l @y = 2w+ 50 rad/sec

Sag yitd = sinfot)[1— afult—t) —ult—t))] bl=2a=05T 26,1, =57
Swell yit) = sinfeg)[1+afult—t, ) — ult—t,)]] Ll=a=08T 21, -1, 29T
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s [1+afult—t,) —ult—rt.]]]

High frequency y()=a sinfewt) + wosinlde t) +sin(Soegt) + | @ = Loy = DE1a.08 0, = 0.2t00.02
signal o sin( Foost) + sin{Goet) o, = 00820008 0, = 0.0510.005
Flicker yit) = [1+ o sin{ Znpt)]sin(m t) 01 = =0.258: = F = 20Fz,
Interruption ¥it) = sin{eogt)[1—afult—t.) —ut —t,))] M Ee=l Tt 1,257

High frequency vt} = [, sinlmt) + o sinl 3o.t) + sinSmt])] o = Loz = DEw.00€,

with swell o, = 0.02 00020, 12 2 = 0.3,

T=i, -, =9T

High frequency

() = [, sinlot) + oosinl Jwt) + sin(Swt)]

a, = 1, a; = 0.6 to 006 o = DL02to .DOZ,

10

with sag [[1+aiut—t)—uit—t )] 0.1z a= 03T 2t,—1, =97
Spike y(e) = sinfewe) + signizinfuwt)] L _ ke | 01 <k< 040017 21,1, = 0.05T,
lu(t— (t, + 0.0020) ) —uft —(t, + +0.0020) ) 3] | Oz ror. <05
Oscillatory y(t) = sin(mgt) + e (- FIRELI-UELD [ o) 20 20B0ET 21,1, 23T
transient = sin{ 2, t) 3004z = f, =300z, 5ms = 7 5 40ms
Notch y(6) = sinlet) + signizinfwt)) «{T_ &k« bl=k=04
[u{t—(t, + 0002m) ) —ult — (t, + +0.002n) ) 3] | PO 26 -nS0OST. 0= 6= 05
Tnpue Hiuidden Class
. NEURAL NETWORK nodes nodes nodes
A neural network is a system composed of many simp hi Prociciom
processing elements operating in parallel whose function p- =1 node
determined by network structure, connection strengths, and ! h2
processing performed at computing elements or nodedickaiti s = -
neural networks offer a completely different approach to proble x= hi
solving. An artificial neural network is a model built through
learning from a number of examples of this behavitr. =3 e <=
]

transforms the given data pertaining to a problem into a model
predictor, and then applies this model to the present data to

Figure 5: Architecture of PNN

obtain an estimatefFollowing are some of the advantages of

neural networks:

> >

>

p>N

Probabilistic neural networks (PNN) are a kind of radial

Basically, PNN consists of an input layer, which represents
the input pattern or feature vector. The input layer is fully
Ability to account for complex functional dependency. interconnected with the hidden layer, which consists of the
One goes straight from the data to the model withogixample vectors. The actual example vector serves ageights
simplification or questionable interpretation. as applied to the input layer. The output layer represents each of
No conditions on the predicted variable. the possible classes for which the input data can be classified.
Insensitivity to (moderate) noise or unreliability in theThe hidden layer is not fully interconnected to the output layer.
data. The example nodes for a given class connect antyat class's
The final model is continuous and derivable and lendsutput node and none other. The other important element of the
itself easily to further work. PNN is the output layer and the determination of the class for
Speed: 10 microseconds @M hardwired, a few which the input layer fits. This is done through a wintakesall
milliseconds on a 1 GHz computer. approach. The output class node with the largeivation

represents the winning class.
In PNN algorithm, calculating the clagsde activations is a

basis network suitable for classification problems and thgmple process. For each class node, the example vector
architecture is feed forward in nature. PNN is supervised learniggtivations are summed, which are the sum of the products of the
algorithm but includes no weights in its hidden layer. Insteadxample vector and ¢hinput vector. The hidden node activation,
each hidden node represents an example vector, with the exampleéwn in Eq. 5 is simply the product of the two vect&ss(the
acting as the weights to that hidden node. Figure 5 illustrates:xample vector, and is the input feature vector).

sample PNN structure.

h=EF -
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The class output actitions are then defined as = -
\ LE) DE Esignal Epure (12)
I g2
e . .
ia:l The resultant featureector gp Eobtained by subtracting the
Cj = T detail energy values of the distorted signal at each level from that
(6) of the pure signal is considered as the input to the artificial neural

network. Probabilistic neural network model is considered for
whereN is the total number of example vectohs,is the classification Bice the learning speed of this model is very fast
hiddennode activation ando is a smoothing factor. The making it suitable for signal classification problems in real time.
smoothing factor is chosen through experimentation. If thg@he authors in paper [2] have used the energy of the detailed
smoothing factor is too large, details can be lost; again if th&formation for pattern recognition of the signals. They have not
smoothing factor is too small, the classifier may not generalizensdered the per unit energy values. In this paper the energy
well. In this paper PNN has been catesied for the classification refers to the per unit energy value contained in the detail level of
of power quality disturbances. a particular distorted signal. The advantage of considering per
unit values is that the per unit energy being of lower ordebean
easily handled using digital computer. Hence the computational
IV. METHODOLOGY effort is much reduced.

The inputs to the neural network are the preprocessed distorted
signal. Discrete wavelet transform is applied to the signal to
extract the energy features. Feature extraction iskéye for V. PATTERNRECOGNITIONOFPOWERQUALITY
recognizing the exact nature of the disturbance present in the DISTURBANCES
signal. A feature extractor should reduce the pattern vector Different types of power quality disturbances are considered
(original waveform) to a lower dimension which contains mosbr pattern recognition and the signalse agenerated in
of the useful information from the original vector. MATLAB. Table | gives the signal generation models and their

In this paperdb, mother wavelet has been considered teontrol parameters. Using the parameters given in Table | the
decompose the signals considering the sampling frequency totkgning and testing signals can be generated in a wide range and
5 kHz. The minimum level of decomposition is found to be 12he signals thus simulated are very close to thé siaation.
The energy of the detail coefficients at each decomposition lex@ mpling frequency of the signals is 5 kHz. The total simulated
i.e. d; to di; is calculated and it is divided by the energy of théime is 1second and fifty power frequency cycles is considered.
original signal. The energy at detail levelis calculated The energy difference values of each power quality disturbances
according to the following formula: are plotted considering energy difference valuey iaxis and

number of decomposition levels in x axis.
100 (NOTD,))*

TN 5.1 Energy Pattern for Signal with Sag and Interruption
2
Energy = (normx,)) (7)

A

025
TIME

TIME

whereD; is the detail wavelet coefficient at leviehndx, is the
amplitude of the signal &th sampling instant.

. 2
NormDi:Va‘Dij‘ ji= 1, 2 éé, (8

AMPLITUDE

-~
o

AMPLITUDE

wheremis the total number ath detail level coefficients. Figure 6: Signals with (a) sag and (b) interruption
e 2
Norm x = a % ,k=1,266¢6é é, n. (9) Figure 6 represents pure sine wave with sag and

interruption.Figure 7 repres#s the energy difference values for

where n is the total number of samples in the signal. As théfferent sag and interruption signals. It shows negative
sampling frequency is 5000Hz and the total duration of the sigrgviations at 6, 7" and 11" levels. &' level shows the maximum
considered is 1 sec the total number of samples is 5000. deviation.

A pure sinusoidal signat 50 Hz. is considered as reference
and the energy of the pure signal at all the 12 levels of
decomposition are calculated according to the formula given in
Eq. 7. Hence i€, is the energy of the signal then

Epure: [Elpure,EZpure ’ ElZpurJ (10)
If Esignais the energy of the distorted signal then

Esignal = [ElsignaI,EZSignaIu ’ EZsigna]- (11)
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5 g |
EDvalues ——18cycles, 0 g L ()
0 ; L 5 1
Y Vﬁ 30cycles, 0.8 e S e AN T
1 2 3 4 5 8 9 10 ¥ 12 p.u | | | |
-5 4 4 g
Level of N =24 cycles, 0.4 s,
decomposition p.u. % 4
-10 - 15¢ycles, 0.05
p.u.
15 4 =18 cycles, 0.6 g
p.u. 2
-20 . ' :
Figure 7: Energy differencepatterns for different signals : i - i
with sag and interruption Figure 10. (@) Harmonic signal (barmonics with swell (¢)

harmonics with sag
5.2. Energy Pattern for Signal with Swell

EDvalyes
- == 1st,3rd,5th harmonics
s 123 4 8 9101112
< i ; Levelof decomposition — 1st,3rd,5th harmonics
T Tme with 60% swell
Figure 8: Signal with voltage swell —— 15t,3rd,5th harmonics
. . . th50%

Figure 8 shows a pure sine wave with swé&le energy W ; ”;ag hh _
difference patterns are given in figure 9. It represents the posit 1st,3rd,5th, 7th harmonics
deviations at the levels @, 5, 6, 7 and negative deviation is at
11" level. == 1st,3rd,5th, 7th harmonics

50 with 20% swell
Figure 11: Energy differencepatterns for harmonics,
ED values . > . -
b = A cycles, 1.6 p.u. harmonics with swell, and harmonics with sag
4 6cycles, 1.2p.u. 5.4.Energy pattern for flicker
) = 10cycles, 1.4 p.u. w : ' ‘ '
0 /\ Level of decomposition %
15 [ [E] (53 0z T\af\:lgE (] 035 [0 045 05
_2123456789W2 (@)
4 ED values
Figure 9: Energy differencepatterns for signal with swell 0.6
0 Level of decomposition
5.3 Energy Pattern for the harmonics and harmonics with : A
amplitude deviations 0.2

Signal with harmonics, harmonics with swell aradrhonics ' 1 2 3 4 5
with sag is shown in figure 10. Figure 11 shows the energy -0.6
difference patterns. Energy difference values show the patter =12 Hz, 0.1 p.u.
where the positive deviations are & 4" and 11" level and -1 16 Hz, 0.1 p.u
negative deviations are af'@nd 7' levels for the signalith o
harmonics and harmonics with amplitude deviations. -1.4 ==10Hz, 0.2 p.u.

-1.8 =8 Hz, 0.2 p.u.
(b)
Figure 12: (a) Flicker and (b) Ehergy difference patterns for
flicker

Figure 12 (a) shows a signal with flicker and the
corresponding energy difference pattern for flicker is given in
figure 12 (b).Flicker of frequency greater than 13 Hz shows the
positive deviations are at“3 5" and 7' levels and negative
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deviations are at"6and 1" levels. The flickers with the The signal consisting of oscillatory transient is shown in
frequency less than 13 Hz shows the negative deviatlolewel. ~ figure 14 (a). Oscillatory transient shows thositive deviations

at I 2" 39and 4" levels and negative deviations &, 5" and
5.5.Energy pattern for notch 7" levels as shown ifigure 14 (b).

5.7. Energy pattern for spike
Figure 15 (a) shows sinusoidal signal with spikikee signal
with spike in 3 sampkeor less than 3 samples signifies positive

AWPLITUDE

e deviations at $to 9" levels and negative deviations at"l&nd
(@) 11™  levels. When the spike occurs for greater than 3 sampling
instant, it gives negative deviation of energy difference value at
ED values ——4instant, 0.3 p.u 7" level. The energy difference pattern for signals with spike
6 3instant, 0.3 p.u occurred in different samples are shown in figure 15 (b).
=3 instant, 0.2 p.u
1 ——>5instant, 0.4 p.u g
3.
4 1 2 SLeve?of E&agomlp%sitjllozn
o 1 e values —3instant, 0.4

(b)

Figure 13: (a) Notch and (b) lergy differencepatterns for 05 1
different signals with notch

p.U.
4instant, 0.3

Level of decomposition P-u.
=5 instant, 0.2

A signal with notch and its energy difference pattern i 0 +—
given in figure 13 (a) and figure 13 (b) respectively. When th p-U.
notch occurs for 3 samples or more than that, it shows negat 12345678931 1) instant, 0.4
deviations at 8 7" and 11" levels. For the signals with notch for| .g.5 - o.uL.

brief period of time i.e. less than 3 samples give the positi
deviations of energy value af fevel.

(b)

Figure 15: (a) Spike and (b) Bergy differencepatterns for
- different spike signals

5.6. Energy patern for oscillatory transient

2
T

/\/\N\/\/\NV\/\N\/\/\/\[ From the above analysis the following obsgions can be made:

0

AMPLITUDE

I ‘ . ‘ ‘ 1 For sag signal we obtain the highest negative energy
! e e e ’ deviation at & level. In case of interruption signals, the
(@) energy difference patterns are following the same
pattern like sag. The only difference from sag is that the
range of maxnum deviation is greater than the sag

2

0.2 9ED values =1/2 cycle of transient signals.
700Hz 04p.u. 1 For swell signal we get reverse pattern of sag that is
0.1 1/2 cycle of transient highest positive energy deviation &tl@vel.
Level of decomposition 500Hz, 0.2 p.u. 1 Harmonics implicate the negative energy difference at
0 - —— 6" level and a slight positive difference afteretis"
8 9 101D =1 cycle of transient level.
01 - 500Hz, 0.2 p.u. f  Major deviation, for flicker is at B level which is
' negative and positive deviation &t [evel.
=2 cycle of transient . . .
900Hz, 0.2 p.u. i The energy difference patterns for the signals harmo_mc
0.2 - ' with swell and sag follow the pattern of harmonic
(b) signals.
1 Notch signals representsetimajor negative deviation at
Figure 14: (a) Oscillatory transient and (b)Energy 6" level and positive variation at the preliminary levels
difference patterns for oscillatory transient suchthat1, 2,3
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1 For oscillatory transient we get maximum positive3 9 10 11 which represents pure, sag, swell, harmonics, flicker,
deviation at 8 level and negative variation at the™1 interruption, harmonics with swell, harmonics with sag, notch,

level. oscillatory transient and spike signals respectively. For testing of
f  Spike follows the energy deviatigpattern of oscillatory signals by this expert system 648 distorted signals are Hegd
transient. 84 signals with sag, 100 signals with swell, 46 signals with

harmonics, 54 signals with flicker, 64 signals with interruption,
Since noise is omnipresent in electrical power distributiodl harmonic signals with swell, 31 harmonic signals with sag, 64

networks, the proposed method has been tested on the po@ighals with notches, 31 signals with oscillatory tramsiend 64
quality disturbances in the noisy environment. Gaussian whégnals with spike are taken. Table 2 shows the classification
noise with SNR 20 dB, 40 dB dr60 dB has been considered forresults of power quality disturbances. In this expert system an
pattern recognition. The energy difference patterns remain safgguracy of 92.28% is obtained. Out of 650 test signals 45
for all the different types of power quality disturbances in noisgignals are not identified appropriately and rest 605 g
condition. Hence the pattern recognition method is immune Wentified.
noise. In case of harmonics the expert system gives lesser accuracy

i.e. 76%. It can be justified as the PNN program is modeled using

the energy difference values and the energy difference patterns of

VI. CLASSIFICATION harmonic signals are close to tharimonic signals with sag and

Probabilistic neural network is used to classify the powTS:rwe”' Therefore the expert system shows classes 7 or 8 i.e.

Lo ; armonic signals with sag or harmonic signals swell in place of

quality disturbances. The energy difference values computed for T )
i o armonics i.e. class 4. If we combine the three classes 4, 7 and 8

pattern recognition are used to construct the training and testing . ; )

to a single class then the expeaystem will classify the

: n
data to model the PNN program with the help of Matlab R2009p, .. . o
Here the size of the input vector is 12 *11 *80 which comes 1 articular class with the accuracy of 98% and the overall

ill i 0,
10560, where the number of coefficients for each 11 types 0?curacy of the system will increase to 95%.

distortions is 12. 80 sets of data are given for training in each
class. The targets of this expert system are givenas 1234567

Identify the constructs of a JourriaEssentially a journal consists of five major sections. The number of pages mpajepamnling
upon the topic of research

Table Il: Classification results of PNN

ACTUAL CLASS 1 2 3 4 5 6 7 8 9 10 | 11 | ACCURACY
PURE (1) 80 | O 0 0 0 0 0 0 0 0 0 100%
SAG (2) 2 80 | O 0 0 2 0 0 0 0 0 95%
SWELL (3) 1 0 97 | O 0 0 0 0 0 0 2 97%
HIGH FREQUENC (4) | O 0 0 3510 0 5 6 0 0 0 76%
FLICKER (5) 7 0 0 0 47 | O 0 0 0 0 0 87%
INTERRUPTION (6) 2 0 0 0 0 62 | O 0 0 0 0 97%
HIGH FREQUENCY 0 0 0 2 2 0 25 | 2 0 0 0 8%
WITHSWELL (7)

HIGH FREQUENCY 0 0 0 3 0 0 1 27 | O 0 0 87%

WITH SAG (8)

NOTCH (9) 0 0 0 0 0 0 0 0 64 | O 0 100%
OSCILLATORY 4 0 0 0 0 0 0 0 0 26 | O 86%

TRANSIENT (10)

SPIKE (11) 6 0 0 0 0 0 0 0 0 3 55 86%

energy values of different power quality disturbances are
computed and compared with that of the pure signal. It has been
VIl. CONCLUSION found that the energy difference patterns remain sammisy
In this paper, an attempt has been made for pattern recognitf§lyironment. Hence the pattern recognition method is immune to
and classification of power quality dishances. The pattern Noise. The disturbance classification is performed by PNN. This
recognition methodology is based on wavelet transform. TH&NN model is capable of identifying 11 different types of
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disturbances present in a signal including transient distagpan[19] Uyar M, Yildiim S, Gencoglu M. T. (2008) An effective wavetsised

; ; ; ; ; : ; feature extraction method for classification of power iyalisturbance
short duration disturbance and harmonic distortion with high signals Electric power systems Researtfol. 78, pp 17471755

accuracy. Consequently the proposed approach has the pOter[E!ﬁl Oleskovicz M, Coury D. V., Felho O. D., Usida W. F., Carneiro A. A. F.

for diagnosis of power quality disturbances in the area of power™ M., Pires L. R. S. (2009) Power quality analysis applying a hybrid

quality. methodology with wavelet transformdneural networksElectrical Power
and Energy systVol. 31, pp 20&212.

[21] Faisal M. F., Mohamed A. and Shareef H. (2010) Power quality diagnosis
in distribution networks using support vector regression bageanSform
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Abstract The dynamic voltage restordd\R) is a series connected device for mitiggtvoltage sad/his paper presents with feed
forward presag/swell voltage control method to regulate the output voltageulse width modulatedPWM) voltage source
converter (VSC). The proposed controller maintains a constant load voltage under tipke rhalanced/unbalanced dynamic PQ
di sturbances. The proposed DVR control s ¢ h e meis abla t® eodnpensate p a
multiple sag/swell accurately and can achieve fast response under dynamic load cofdigatetail simulation of 440 volts, 50 Hz
distribution system has been carried out to evaluate the performance of DVR for the mitigation of multiple voltage saidyshell
help of Mathworks Matlab/Simulink for both balanced and unbalanced load icmsdiThe simulation results are presented for
various combinations of dynamic PQ problems.

Index Terms Power Quality, voltage sag, dynamic voltage restorer, voltage source converter, custom power devices, phase lool
loop.

. INTRODUCTION

I n the reent years PQ issues have received much more attention. All categories of power consumers are becoming increasit
sensitive to PQ problems. The increasing use of all electronic voltage sensitive devices has made industrial procagsdessuscep
the sagswell. The dynamic PQ problems like voltage sag/swell are always occurring in electrical power distribution systeme These ¢
caused by switching of large loads, capacitor switching and remote faults. When such PQ disturbances occur, resultdoraiamage
voltage sensitive equipments, the production which results in huge financial loss. The DVR, which is the most efficffattiaad e
modern custom power device, has been used in power distribution networks to mitigate voltage sag / swell [1]. disesgb&@es
are caused by remote faults or switching of large loads (e.g. motor starting and energize capacitor or transformenigiuae tho
voltage sag/swell lasts within a few cycles, they can disrupt some sensitive loads such as adjustableivepe@iSD),
programmable logic controllers (PLC), and fine industrial process like semiconductor plants. It was observed that égr to ifesd
MVA, good solution for sag/swell mitigation is the installation of custom power device such as DVR [2fatippk of DVR are
mainly for protecting the sensitive loads that may be considerably affected by fluctuation in distribution voltage. Atffakt co
strategy is desirable to increase the performance of DVR [1], [2]. The control strategy of DVR cassifieatliato two parts namely
detection of voltage sag/swell and injection of the voltage component [3]. The propeirtiegadl (PI) control scheme is commonly
used in conventional control system due to simple algorithm and structure [4]. The synshPdbraiecoupling control scheme is
adopted as control strategy for driving DVR against voltage disturbances. This control strategy is derived on the leasis of -
restoration of linearity in control performance using control variables such as inductortsimrére ripple filter and compensating
voltages injected through transformer [5]. Nielsen et. al, proposed various system topologies and are verified andfoompared
checking the DVR performance [6]. The post fault method control strategy for DVBekasresented by Vilathgamuwa and Perera
[7]. In this either minimum voltage or minimum energy DVR operation has been achieved based on usitarkbéddeop (PLL).
Marei et.al, presented minimum voltage control strategy for DVR based on the syrahesrigponents [8]. A simple DVR was
proposed, in which the Fourier Transform (FT) has been applied for the sag detection [9}bfitigeHmultilevel IGBT VSC with
closed loop control scheme is used for mitigation of balanced/unbalanced voltage sagthidy OVR structure based on a cascaded
H-bridge multilevel inverter topology to eliminate the need of insertion transformer has been used [10]. In the work oéndi 1. M
et.al, an energy optimized control scheme for a transformer less DVR has bemmeord41]. The D.C. link minimum energy
injection control method is presented the work efdlp Chung et.al. The DVR is connected in series with the load and it is a direct
voltage control method. The shunt connected compensators are indirect cointratiéch line current is controlled. Hence DVR is
an effective compensator for dynamic PQ disturbances [12]. The design and analysis of the smeffiter used for DVR has been
presented in the work of S. S. Choi et.al [13]. C. Zang et. al wesepts a three dimensional voltage space vector PWM algorithm
to analyze the fouwire DVR[14]. Minimum power operation of DVR and its new cascade converter control technique have beer
presented in [15], [16]. The techniques of the supply voltage contpmngédath minimum energy are presented in the work of M.R.
Banaei et.al [17].

This paper presents a result of proposed controller which is designed for compensating multiple voltage sag/swell. T
proposed controller causes DVR to reacts quitklymaintain constant load voltage both for a balanced and unbalanced multiple
sag/swell conditions in the distribution systems. One of the main advantages of DVR is that it inject (absorb) enegagdigrirad|)
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to maintain load voltage constant. Thg®, which is aseries compensator, protects a sensitive load from the distortion and unbalance
in the supply side voltage.

II. DVR: ABRIEFREVIEW

The concept of custom Power was introduced by N.G. Hingorani in 1995. Like Flexible AC TransmijsteamsS(FACTS)
for a power transmissions system, the term custom power uses power electronics controllers in a distribution systely, tespecial
deal with various power quality problems [2]. The power electronic controllers that are used in the cwgtorsgbation can be a
network reconfiguring type or a compensating type. The network reconfigurating devices are usually called switchgeardualeich i
current limiting, current breaking and current transferring devices. The compensating devices doecosegensate load power
factor, unbalance conditions or to improve the power quality of supplied voltage. These devices are either connecteat iim shunt
series or a combination of both. This class of devices includes the distribution static comg@SataTCOM), DVR, and unified
power quality conditioner (UPQC)[2]DVR is the most efficient and effective modern custom power device used in power
distribution networks. DVR is a recently proposed series connected solid state device that injecténtolthgesystem in order to
regulate the load side voltage [2]. It is normally installed in a distribution system between the supply and the sadsiteanected
at the point of common coupling (PCC).

A. Basic Configuration of DVR

Theschemai ¢ di agram of DVR system is shown in AFig.10,. The D
controllers. Power circuit consists of voltage source converter (VSC), series connected injection transformer, pasaive filt
enggy storage device. In DVR, control circuit is used to derive the parameters like magnitude, frequency and phase shift of
control signal that has to be injected through DVR. As per this control signal, an injected voltage is generated by thiecygsbwer
The DVR corrects voltage sags/ swells for both balanced and unbalanced conditions to maintain the load voltage to sensitive lo
within acceptable tolerances. The DW8Rdesigned to mitigate voltage sags /swells of a various magnitude for variatiortkiAs

the connection of transformer in distribution network is of dsiéa type, zero sequence voltage will not propagate through
transformer; hence only restoration of positive sequence and compensation of negative sequence voltage is requieed/ $(2]
utilizes insulated gate bipolar transistors (IGBTs). It is supplied from an energy source, and provides compensategeAdtkolta
the help of PWM modulator. A passive filter is used to suppress the switching harmonics and corrects the sitge o6 be
injected. Connection of DVR with the distribution line is made through an injection transformer that is connected inthethes w
line. The three single phase injection transformer is used to inject the missing voltage at thi&€ D link capacitor and energy
storage battery injects or absorbs the required power to compensate the identified voltage sag/egei.alent circuit diagram of
the DVR and the principle of series ing,ection for sag/ swel

fi Other Loads
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A 2 /
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Vdc
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| _ _vic_ _| )
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Figurel. Schematicdiagram of DVR System. Figure2. DVR equivalent circuit

The injected voltageypbDVR is mathematically expressed by the following equation
Viniove =V 200 -V, @)

S

Where,
V, is the load voltageV, is supply voltage during sag aMnj(DVR) is the wltage injected by DVR. Under normal voltage

conditions, the load current can be written using the following equation
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S (PL B JQL) 2)

Where, | | is the load arrent, and®, , and Q, are the active and reactive power taken by the load respectively during a sag/swell.

When DVR inject voltage, then the complex power is given by the following expression
SL = (Ss + SInj)

3)
And the load current can be given by the following equation
|L = |_(Ps - JQ3)+(an - JQmj )J/VL (4)
The vector diagram of the peag voltage compensationissho i n A Fi g. 30, . I't shows tdag@ su

stage. The rotating phase angle (RRf) is obtained from the phase locklwbp (PLL). This method is used to track the supply
voltage continuously and it can conmgate load voltage during sag to{gag conditions.

\

L1~ Y Preswell

\Y

Figure 3. Compensation strategy of DVR for voltage sag Figure 4. Compensation strategy of DVR for voltagwells
The phasor diagramofpeewe | | vol tage compensation for different magnit

From the vector diagram, injected voltage magnitude by the DVR for sag and swell compensation is given by the equatdgs (5) a
respectively.

V,, =4V - VE - 2,V cosg, ®)

— 2 2
Vinj _\/VS B AREAAS €07, (6)
In this mitigation method, load voltage can be compensated ideally but the injected active power cannot be amdragled
determined by external load conditions.

. DVR CONTROLSTRATEGY

In order to mitigate the multiple voltage sag/swell, the P\Wdded control scheme is implemented. This control system only
measures the RMS voltage at supply side or load side and nivegaaiver tracking is required. Thepenrloop feed forward pre
sag/swell voltage control method is used to restore the load volfagO volts distribution system is simulated using Mathworks
Matlab/Simulink. The discrete proportional plilstegral (CPI) controller has been used in this oppeop feed forward control system

to regulate output voltage of the PWM invert€éhe measured voltages are given to the input of regulator unit which perform the
function of abc- dqoand dqo- abctransform. The regulator also consists of discrete phased locked loop (DPLL), discrete

proportional and integral controller (DPI). The DPLL is particularly used to detect amplitude and phase of +ve sequemantsomp
of the three phase source tagjes.The DPLL must work satisfactorily under abnormal conditions in the power systems such as
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unbalanced voltage sags/ swells and frequency variations. The response time of the controller is also an important factor.
controller parameters(K p) and (K, ) are selected properly to fulfill this conditiofihe DPI controls this variable and the output of

this DPI is the supply frequency. The DPI calculates source voltage angle by integrating the source frequencthe Méesured
supply voltages differ from the reference voltages (kept at 1p.u. constant value) then it gives signal to controlggeit tberP\WM
controller for compensating supply voltage. The sag/swell is detected by measuring the error lgij@eehiage of the supply
voltage and the reference voltage. Theodhponent is set at rated value and Qq mponent at zero. The
(abc- dqo) has been used to convert stationary frame to rotating frame wduictietect the phase angle and magnitude of supply
voltages [2], [4]. This transformation method gives the voltage sag/swell depth (direct axis) and phase shift (quaddature ax
information with start and end time. The difference between reference aply sofiages is applied to PWM controlled VSC for
injecting proper voltages in series with line by converting again d@o- abc frame. These quantities are expressed as an
instantaneous space vectors and zero sequence component is ignoreddi mp !l i ci t y. The parkés tr.
error between supply voltage events and reference voltage. This error is used as a modification signal that allows generatir

communication pattern for the statiorfpatero v gendraset byruging th&dntisdidal PWSIC .
techniques to control VSC. The DPLL is synchronized with supply voltages to provide the synchronous reference required by

abc- dqo transformationThe control strategy for DVRisshon i n AFi g. 50,

\ ref

d

V, _ + v
X Kot - >
abc & S dqo >
vV source q ] PWM -
abe to v, =0 to ] generator |
dq0 v, _ A% K A abc >
Kp + s‘ > >

Phase Lock Loop

Figure5. Control scheme for PWM inverter

The PWM inverter can effectively reduce the output voltage distortion and achieve fast dynamic resposéF|.is used in the
proposed controller, its samplifiggquency can be given by the following relations [11], [12].

F, =1/T,, whereT, is the sampling time.

In order to remove errors in ndimearity, noise in the measurements, the DPI is proposed in the controllgorageational (Kp)
and integraI(Ki) voltage controller gain can be calculated using the following relations [17].

K,=C /T, , K =K. T,/T, , whereC is the LC filter capacitace.

The DPI controller is a controller which drives IGBT inverter based on difference between the output and the desireédusdttpein
integral of that errors are determined. The main aim of controller is to keep voltage at PCC constant. Heecajeottd) by the
DVR is given by the following equation [12], [17].
dg —\/dq dqg
VDVR _VL -V

Synchronais (7)
Where V2

Synchronas
injected through series connected transformer by the DVR.
The RPA (G, obtained from the PLL is provided to the PWM generator to generate desired firing seqliteckg pulses for

VSC have to be synchronized to the supply/load voltage. Undedisturbance steady state condition, the voltage injected by VSC
leads the supply/load voltage by the control aagle This synchronization is achieved b PLL whose output is the phase angle of

the bus /supply voltageThe RPA(, obtained from the PLL and voltage reference from the synchronous frame is compared with the

instantaneous voltages of the utility to obtain PWM contrddigdal. The output of the regulator represents the modulating signal that
drives the PWM inverter. The proposed control system measures supply voltage and no reactive power measurement heequired.
VSC switching strategy is based on a sinusoidal P\WWahrique which offers good response and simple to understand. This PWM
technique is an efficient one, because high switching frequencies can be used to improve the efficiency of the conwetrter with

incurring significant switching losses. The sinusoidaltage is phase modulated by meansRIPA @, and are represented by the
following equations

is synchronous reference frame supply V0|tagVqu is load reference voltage an¥ %, is missing voltage
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V, = Sin(ugt +4) ®)
V, = Sin(ugt +q- 2p/3) ©)

In this Wyt is the supply frequency in radians/sebisTcontrol strategy convertse voltage fromabc synchronous frame talqo

rotating reference frame in which zero phase sequence component is ignored for simplictlg|(rhatating reference quantities are
represented by tHellowing equations

V, =3V, +V, +V,) =0 (11)
V, =2/3[(V, sing+V, sin(g - 2p/3+V,sing+2p/3)] 12)
V, =2/3[(V, sing+V, sing+2p/3)+V,sin(g- 20/3)] (13)

Converting balanced three phase voltadesV, andV,, two constat voltagesV, and V, are obtained and controlled by DPI
controller. The voltages at PCC can be obtained using the following equation

a sin@,) 0
(d,a) =3 Vg (14)
Veeo & cos@t)_

Where g, = wgt +Dg = wit +(q, - G,)
In this D@ is the rotating phase angle of the base voltage which is difference between the supply voltage and direct axis rotat
phase angle. Thmain parameters of the sinusoidal PWM scheme are the amplitude modulatior( INdeof the signal, and the
frequency modulation index of the triangular signal. By setting the modulation irff8x ¢onstant, the output voltagé, is
controlled by PWM controller. The amplitadindex is kept fixed at 1p.u. in order to obtain the highest fundamental voltage
componentV, at the VSC output.

IV. SIMULATION RESULTS

A 440V, 50Hz, power distribution system configuration is simulated using Mathworks Matlab/Sitwgtidy the effectiveness and
response of suggested DVR control strategy under different supply disturbances. The experimental power distribution syst
parameters and other constant values are listed in Tabfe VR is connected to the system througlseries transformer with a
transformation turns ratio equal to 1:1. The DVR operation is based on three phase voltage PWM inverter with LC output filter
remove high frequency voltage components. An inductive nd&rdoad R = 2 0 OLg=1microh) is cosidered. The simulation
results for the both balanced and unbalanced cases of sags/swells are shown below.

TABLE I.

EXPERIMENTAL SYSTEM PARAMETERS FORSIMULATIONS
Parameters Designed Values
Supply Voltage(Vs) 440V
Supply frequency(F) 50Hz
Load ResistancfR) 200 ohm
Load inductance (L) 1microhenery
Filter inductance (LF) 2microhenery
Filter Capacitance(LF) 300microfarad
Proportional Gain(Kp) 0.4
Integral Gain(Ki) 500
Sampling Time(Ts) 2microsec.
Carrier frequency(KHz) 2KHz
DC link voltage(V) 250V
Circuit breaker resistance (R) | 0.001ohm
Series Transformer Turns Ratid 1:1

A. Balanced Multiple Voltage sag

The fiFig.60, shows response of InOANSRA0% and 20% moltgple wlageesags anauinitintedmt €
0.05s and 0.25serespectively. It can be seen, from the results, that the DVR is able to produce the required compensating volte

WWW.ijsrp.org



International Joural of Scientific and Research Publicatiodslume 2, Issue 11, November 2012 21
ISSN 225063153

components for different phases rapidly and help to maintain a balanced and constant load voltage (The load voltageeist atvays
440 wlts RMS value.). In the case of voltage sag, which is a condition of a temporary reduction in supply voltage, the DVahinject
equal positive voltage component in all three phases, which are in phase with the supply voltage to correct it. Fordunbalan
conditions, the DVR injects an appropriate unbalanced-{hinese voltage components positive or negative depending on whether the
condition is an unbalanced voltage sag or unbalanckage swell.

S 500pram R AR A
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Figure6. Simulation result of DVR response to bhatad multiple voltage sags (a) supply voltage, (b) DVR injected voltage, (c) load voltage,(d) load current.

B Unbalabced Multiple Voltage Sag

The simulation results of DVR response to the unbalanced multiple voltage sagwn ini Fi g . 7 0 , phagse nflthyee phase R
voltages 640% and 20% sag is created for a durationa,tef 0
proposed control method drives the DVR to compensate for unbalanced voltage sags. During load atjedtie DVR is able to
quickly injecting the required unbalanced voltage component to maintain load voltage at it nominal value.
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Figure7. Simulation result of DVR response to an unbalanced multiple voltage sags (a) supply voltage, (b) DVR oifaged®) load voltage,(d) load current.

C Balanced Multiple Voltage Swell

AFig. 80, gives simulation results of DVR response f woltagea b e
swell is created i.e. 60% and 30% forration of 0.1 second. For a multiple voltage swell case, which is a condition of a temporary
increase in supply voltage, the DVR injects an equal negative voltage in all three phases. This injected voltage isaalwlyase

(180 degree opposite) witthe supply voltage. During multiple swells also, DVR reacts quickly and maintains voltages at PCC
constant.
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Figure8. Simulation result of DVR response to balanced multiple voltage swell (a) supply voltage, (b) DVR injected voltage, ¢iplpaddvioad current.

D Unbalanced Multiple Voltage Swell

AFi g. 9 amulatiph kesulks of DVR response to the unbalanced multiple voltage swell. In this simulation, 60% and 30%
unbalanced swell is initiated at 0.05 second and at 0.25second respectiRefyhasse only. In this type of PQ disturbances also,
proposed control method drive DVR effectively and is able to compensate load voltage correctly.

E Balanced Multiple Voltage Sags/Swells

AFi g. 1 Gitylation resukssof DVR response to the bathenultiple voltage sag/swell. In this simulation 40% sag is generated
for a 0.05 second durations and multiple swells are generated (i.e.30% and 40%) during 0.15second to 0.2second anecfvach 0.25s
to 0.35second. In this case also, proposed DVR mitifeetse PQ disturbances effectively.

Figure9. Simulation results of DVR response to unbalanced multiple voltage swell (a) supply voltage, (b) DVR injected voltageydltagga(d) load current.

Figure10. Simulation results of DVR responseltalanced multiple voltageagswell (a) supply voltage, (b) DVR injected voltage, (c) load voltage,(d) load current.
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