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Data Compression of Power Quality Events
Using the Slantlet Transform

G. Panda, P. K. Dash, A. K. Pradhan, and S. K. Meher

Abstract—The slantlet transform (SLT) is an orthogonal dis- and voltage data of all phases for such events is quite high.
crete wavelet transform (DWT) with two zero moments and with  For example, for only 100 such events, with 128 samples per
improved time localization. It also retains the basic characteristic cycle and data length of four cycles only will require 3686 Kb

of the usual filterbank such as octave band characteristic, a scale 100 tsc 128 | e 4 | 7 ch |
dilation factor of two and efficient implementation. However, the ( events< Samples per Cycle 4 Cyclesx 7 channels

SLT is based on the principle of designing different filters for dif- X 2 bytes). Thus, it is evident that the PQ study requires
ferent scales unlike iterated filterbank approaches for the DWT. large amounts of data. Therefore, for storing, transmitting and
In this paper a novel approach for power quality data compres- interpretation purpose compression operation for such data is
sion using the SLT is presented and its performance in terms of gggential. A compression technique involves a transform to
compression ratio (CR), percentage of energy retained and mean - . . . .
square error present in the reconstructed signals is assessed. Vari- €xtract for feature information contaln_ed in the data and a logic
eties of power qua“ty events, which include V0|’[age sag, Swe”7 mo- for removal of redundancy present in the extracted features.
mentary interruption, harmonics, transient oscillation and voltage The discrete cosine transform (DCT) is conventionally used
flicker are used to test the performance of the new approach. Com- for data compression because of its orthogonal property [2].
puter simulation results indicate that the SLT offers superior com- In the recent past the discrete wavelet transform (DWT) has
pression performance compared to the conventional discrete cosine . . .
transform (DCT) and the DWT based approaches. emerged as a_potentlal tool_for analy5|s [31, [4], den_msmg_ [5]
. . and compression [6], [7] of different signals because it provides
Index Terms—Discrete wavelet transform (DWT), power quality . . . - . .
waveform analysis, slantlet transform. relatively efficient represeptatlon of piecewise smopth signals
[8], [9]. The degree to which a wavelet basis can yield sparse
representation of different signals depends on the time-local-
. INTRODUCTION ization and smoothness property of the basis function. The

OWER QUALITY (PQ) events can be referred to anPWT is usually carried out by filterbank iteration, but for
Pelectrical disturbances, which adversely affect custom@rfixed number of zero moment it does not yield a discrete
load or power system equipment. Typical PQ issues inclulge basis that is optimal with respect to time-localization.
short-term events such as voltage sags or dips lasting a RJundamental trade off exists between time-localization and
cycles to a few seconds caused by faults on nearby feedégrg,oothness characteristics. The slantlet transform (SLT) [10]
large loads switch on, subcycle transients caused by switchfi@gs been developed by employing the lengths of the discrete
power factor corrections capacitors and lightning strikeiime basis funcjcion and t.heir_moments as the vehicles in.sucha
etc. Harmonics and flickers also fall into the category ofay that both time-localization and smoothness properties are
PQ though these items occur over much longer intervachieved. Itis an orthogonal DWT with two zero moments and
Such signal disturbances severely affect the performanceP@fsesses improved time-localization properties. In this paper,
the automated equipment, programmable logic controlleM€ use the SLT as a tool in devising an efficient method for
computers, etc. Presently many utilities, therefore, utiliZompression of different PQ events.
dedicated PQ monitoring devices on light/medium voltage The organization of the paper proceeds as follows. In Sec-
station to record these events, typically for post event analy8@n Il, the SLT is introduced and its properties and features are
or communication with distant control devices. Further, the@dtlined. A novel approach of data compression and reconstruc-
are some indications that information about the PQ itself wilon using the SLT is discussed in Section lll. In Section IV,
become a valuable commodity after deregulation subject ggmpression and reconstruction of different PQ events are sim-
negotiations, pricing, ownership, etc [1]. Such informatioH!ated andthetgst results obtained are gnalyzed a}nd interpreted.
in the form of oscillographic waves are captured at a hig-ﬁhe corresponding results are also obtained by using the DCT as
sampling rate (to include high frequency components) and tiye!l as DWT based compression and the results are compared.
data are stored in a memory device. The volume of the currdd@lly conclusions have been made in Section V.
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structure of the equivalent form shown in Fig. 1(b) but it is oc-

cupied by different filters that are not products. With this extra Original input
degree of freedom obtained by giving up the product form, fil- data
ters of shorter length are designed satisfying orthogonality and
zero moment conditions. For two-channel case the Daubechies
filter [12] is the shortest filter which makes the filterbank or-

thogonal and ha& zero moments. FQK = 2 zero moments @)

the iterated filters of Fig. 1(b) are of lengths 10 and 4 but the SLT LG Y @
filterbank with K = 2 zero moments shown in Fig. 2 has filter

lengths 8 and 4. Thus the two-scale SLT filterbank has a filter @
length which is two samples less than that of a two-scale iterated Original input

Daubechies-2 filterbank. This difference grows with the number data —>4 19
of stages. Some characteristic features of the SLT filterbank are -
orthogonal, having two zero moments and has octave-band char- @
acteristic. Each filterbank has a scale dilation factor of two and (b)

provides a multiresolution decomposition. The slantlet filter|_s| .
are piecewise linear. Even though there is no tree structure for
SLT it can be efficiently implemented like an iterated DWT fil-
terbank [10]. Therefore, computational complexities of the SLT —>{H(z @
is of the same order as that of the DWT. The filter coefficients
used in the SLT filterbank as derived in [10] are given by

Original input H,(z) @
Eo(z) = (—*/—1_0 - @> " (% ' @> -

1. Two-scale iterated filterbank and its equivalent form using the DWT.

data —>r
20 4 4

N 3v/10 N NANE N V1o V2\
-+ — |z — - — |
20 4 20 4 e 20 e O
E, (z) — 7\/5 _ 3V55 + = \/5 v 95 »1 Fig. 2. Two-scale filterbank structure using the SLT.
80 80 80 80

95 VE5\ 17v35 3v55\ s 3) R_econstr_uction qf the signal from the thresholded coeffi-
- z R + =0 z cients using the inverse SLT.

The first two steps constitute compression operation where
<17\/3 3\/55> 4 <9\/3 \/55> s as the last step performs the reconstruction operation. The filter
4 4

20 - ) ) - ) coefficients used in the analysis part are given in Section Il. The
PQ disturbance signal is fed to the two-scale SLT filterbank,
V5 V55 ,—6 _7\/3 _ 3v/55 T where the outputs are down sampled by a factor four. The
80 80 80 80 | transformed coefficients of the SLT afg (=), Ha(z), H3(z),
and Hy(z). The SLT retains most of its input signal energy in
—1
(50):

3 V11 some selective coefficients and the magnitudes of the remaining
16 coefficients are insignificant. Thus by judiciously fixing the

5 VII\ 7 VII\ s threshqld level a number of SLT coeffici(_ants are discarded
1_6+1—6 2 6t 16 17 by setting them to zero. Keeping the quality of signal recon-
struction in view the threshold level is fixed. The remaining
< 7 \/ﬁ> i < 5 \/ﬁ> . thresholded coefficients represent the PQ disturbance signal in
+ 6 16 |° 6 16 |° the compressed form. The percentage of energy retained used
as a performance index for compression is defined as
+ <1% - %) 2%+ <% - \1—16_1> 27 (Vector norm of the retained SLT
coefficients after thresholding
Fa(z) =%, <}) . Vector norm of the original SLT coefficients
4

The retained coefficients are encoded to binary form for
storing and transmission purpose. From the compressed data
A scheme of data compression and reconstruction usingh@ original PQ events can be reconstructed by using the two-
two-scale SLT filterbank is shown in Fig. 3. It involves thregcale SLT synthesis filterbank whose transformed coefficients

distinct steps. are H)(z), H|(z), H(=) and H}(z) (Fig. 3). The synthesis
1) Transformation of input signal using the SLT. filter coefficients are obtained by time reversal of the corre-
2) Thresholding of transformed coefficients. sponding analysis filters. In the reconstruction process the

Il. SLT BASED DATA COMPRESSION ANDRECONSTRUCTION
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Fig. 3. Two-scale SLT based data compression/reconstruction scheme.
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compressed data are first upsampled by a factor four and the 0 1 . ’ ©

convolved with the synthesis filter coefficients of each channel. 4 . L . . .
These synthesized data are then added together to reconstrt g

the original PQ signal for the purpose of further analysis and

interpretation. To assess the quality of compression the mea ol - @)
square error (MSE) in decibels is used as the performanci

H H v _0. 1 1 1 1 i

index and is defined as 0 100 200 300 400 500 600

1N,
MSE(dB) = 10 ll()glo <N Z [J(2) — x(L)HQ)] ©) Fig.5. SLT filter bank output. (a) First filter o/p. (b) Second filter o/p. (c) Third
i=1 filter o/p. (d) Fourth filter o/p.
wherez(7) is the original signal and:() is the reconstructed
signal. In the proposed scheme we have chosen a two-level SLT
filterbank considering both the complexity of computation and 1t
the quality of compression. 0s

1.5

0

IV. TESTRESULTS

0.5

Amplitude

To demonstrate the data compression capability of the new
approach a disturbance signal containing an impulse at 0.001 s
is considered (Fig. 4). The signal is decomposed by the SLT Mo 8w mbi ke am o1 om ow o ot
. . . Time in sec.
into two levels and the corresponding filter outputs are shown
in Fig. 5. It is evident from these figures that each filter outpuig. 6. A 50 Hz fundamental signal with an impulse reconstructed using the
contains the information of different frequency components 8tT at CR= 10.
the disturbance signal and can accurately localize the distur-
bance point. Subsequently threshold value is selected basedsoat CR= 5, the signal is again reconstructed and is observed
the maximum absolute value of the transformed coefficients atwdbe better than at CR- 10 (Fig. 7). It is obvious from the
then the discarding operation takes place. In the next stage db®ve discussion that with higher CR value less data are retained
retained transform coefficients are utilized to accurately recoafter thresholding stage and hence accuracy is sacrificed in re-
struct the original signal and is shown in Fig. 6. This figure desonstructing the signal. However, high CR value is preferred
picts that the disturbance signal is successfully retrieved frdnom data communication and storage point of view. Further,
the transformed coefficients. The ratio between the numberinfcase of the SLT we have considered signal decomposition
original signal data to the number of data retained after tlup to second level with an objective to reduce the computation
thresholding is termed as the compression ratio (CR) and in txerden. In practical application, a compromise is made between
present case CR 10 is considered. Keeping a lower CR thathe diverging factors.

b
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threshold value the CR is changed and the corresponding per-
centage of energy retained in the reconstructed signal is eval-
uated using all three methods. Fig. 9 shows the performance
graph of three methods and it is clear that for €R the slantlet
approach provides higher energy retaining capacity compared to
that of other two. For the same sag case the mean square error
(MSE), is also calculated for the reconstructed signal for dif-

Amplitude

St oo o oss o oaT i oae oie ferent values of CR. The curves in Fig. 10 show that for CR
Time in sec. value above six the new approach is more accurate in recon-
Fig. 7. A 50 Hz fundamental signal with an impulse reconstructed using tiérucnng the S|gnal as compared to the DCT or the DWT. In
SLT at CR= 5. able |, for the sag waveform at CR 10, the percentage of
energy retained as obtained in DCT, DWT and SLT approaches
TABLE | are 87.81%, 90.01% and 93.20%, respectively. Further the MSE
PERCENTAGE OFENERGY RETAINED AND THE MSE IN dB OBTAINED level for SLT is—17.54 dB as compared te10.08 dB and
UsSING THE DCT, DWT AND SLT BASED COMPRESSIOMEXPANSION —13.04 dB for DCT and DWT, respectively. This information
TECHNIQUES FORALL THE SIGNALS AT CR= 10 P ' .
clearly indicates better accuracy of reconstruction of the SLT
Energy Retained (%) MSE (dB) over each of the DCT and DWT.
Signal
DCT | DWT | SLT | DCT | DWT | SLT B. \oltage Swell
Tmpulse 88.01 | 91.13 | 94.01 | -10.67 | -13.56 | -16.98 ) ) o
Sag 87.81 | 90.01 | 93.20 | -10.08 | -13.04 | -17.54 When the voltage signal increases by 10%—90% it is known
Swell 89~26 31-01 9444 | -11.88 | -13.77 | -17.95  gs voltage swell. They often appear on the sound phases of a
Harmonics 87.69 | 90.89°| 93.14 | -11.04 | -1331 | -17.68
Momentary Interruption | 90.44 | 91.10 | 94 11| -1227 | 1589 [-1s79  POWer system where a phase-to-ground fault occurs or when
Oscillatory transient | 91.63 | 90.88 | 95.04 | -12.98 | -14.45 | -19.07 heavy motor loads are switched off. Swell may stress the del-
Voltage Flicker 90.75 | 91.34 | 95.18 | -10.76 | -14.74 | -19.78  cate equipment components to premature failure. Fig. 11 de-

picts the waveform of a voltage swell (80%) lasting for three cy-

. . . . cles. The corresponding data are used for the decomposition and
The proposed data compression technique is applied to man . ; : :
. ) S . .feconstruction of the disturbance signal using all the three ap-
PQ issues such as: sag, swell, harmonics, interruption, oscilla- . - T .
: . . roaches as mentioned earlier. Similar to the sag case at different
tory transient and flicker. All the data are generated using tl

MATLAB code at a sampling rate of 3 kHz. To demonstrate the values the reconstructed S|gnal§ by the SLT show higher ac-
i ) curacy both in terms of energy retained and MSE as compared
efficacy of the proposed technigue some test cases are prese oefa

below. For all simulation study a pure sinusoidal signal of 50 Hz at of DCT and DWT. For example, at 10, the per-
‘ . : yap 9 centage of energy retained as obtained by the DCT and DWT
and 1 p.u. amplitude is considered. To compare the performance .

. approaches are 89.46 and 91.01, respectively, as compared to
of the new approach V.V'th the standar_d DCT r_;md the DWT baSS .44 by the new approach (Table I). Further, the MSE for the
approaches, we consider the same signal (Fig. 4) for all the thWaeveform in case of SLT is as low as17.95 dé as compared
cases. Percentage of energy retained and the MSE in decibeks(,)a_s11 88 dB and-13.77 dB for the DC.T and DWT. respec-
defined earlier are calculated for different types of power syst%m ) X - resp

. . . . . ively. In the case of voltage swell also superior performance of
signals at CR= 10 and are listed in Table I. It is evident from y g P P

this table that at CR= 10, the energy retained by the SLT apIhe SLT is observed.

proach is 94.01% as compared to 88.01% and 91.13% by Et,le
DCT and DWT approaches, respectively. Similarly the corre*
sponding MSE for the SLT approach+s16.98 dB and that for ~ With the introduction of more power electronic equipment
the DCT and the DWT is-10.67 dB and-13.56 dB, respec- in distribution system, the power quality is further degraded as
tively. This clearly demonstrates better compression capabiltfjey produce significant amount of different harmonics. Such

Harmonically Distorted Signal

of the new technique. harmonic pollution in voltage signal leads to poor performance
of converter circuit. A 1 p.u. fundamental voltage signal (50 Hz)
A. \Voltage Sag distorted by 30% third harmonic and 10% fifth harmonic as

A voltage sag is a sudden reduction (10-90%) in the volta gown in Fig. 12 is considered to evaluate the performance of
SLT based compression technique. AT €RO0, the SLT

magnitude, lasting for 0.5 cycle to several seconds. A sag

g . . : tructs the signal with 93.14% of energy as compared to
be caused by switching operation associated with temporary dfgeons :
connection of supply, flow of heavy current associated with tf§e7'6?% ‘znd 90.89% b¥ the DST and lDW:]—’ respegtl\j/elyf. Fur:-
starting of large motor load or the flow of fault currents. Thd1€ for the same waveform and CR value the MSE index for the

effect of voltage sag on equipment depends on both the maga%'i'-r is —17.68 dB as compared t011.04 dB and-13.31 dB

tude and its duration. To evaluate the performance of the SLT tained by the DCT and DWT, respectively.

proach a 20% sag case of 3.5 cycles of duration signal is consid- )

ered. The original and the reconstructed signal obtained throdgh Momentary Interruption

simulation ata CR= 10 is shown in Fig. 8, which depicts the ac- Interruptions can be considered as voltage sags with 100%
curacy of the approach at reduced data size also. By varying #raplitude and are mainly due to short circuit faults being
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Fig. 8. Original and the reconstructed sag signal at=CRO.
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Fig. 9. Percentage of energy retained in the reconstruction of sag signal. Fig. 12. A 50 Hz signal with third and fifth harmonics.

S 1
or DCT o8
sl X3
g -0} T 3 04
0.2
15t e L é
f} 2ot T \ 1 = QZ
1Z] T g
2 25) WAVELETH < o4
L1/ SLANTLET 1 06
35 4 -0.8
40, ) -3 8 10 12 14 16 18 20 -‘D 0.02 004 D0DO6_ 008 01 0.12 014 016 018
Compression Ratio Time in sec.
Fig. 10. MSE in dB obtained in the reconstruction of sag signal. Fig. 13. A 50 Hz signal with momentary interruption.
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Fig. 11. A 50 Hz signal with SWELL. Fig. 14. A 50 Hz signal with oscillatory transient.

cleared by the protection. Supply interruption for few cycles: Oscillatory Transient

will greatly influence the performance of glass and computer Transient disturbances are shorter than the sags and swells. A
industries. For evaluating the performance of the SLT basednsient disturbance waveform may have oscillatory character-
compression technique a voltage signal interrupted for thristéic and such signals are found during capacitor bank switching.
cycles is shown in Fig. 13. The SLT reconstructs the signah oscillatory transient signal is shown in Fig. 14, which per-
with 94.11% of energy (90.44% and 91.10% for the DCT arslsts for 5 ms only. As mentioned in Table | for GRL0 the per-
DWT, respectively). Similarly the MSE for the SLT is18.79 centage of energy retained by DCT, DWT and SLT approaches
dB as compared te-12.27 dB and—15.89 dB for the DCT are 91.63%, 90.88%, 95.04%, respectively. Further the MSE for
and DWT, respectively. This simulation study is extended ®LT is —19.07 dB as compared t612.98 dB and-14.45 dB
other CR values and itis, general, found that the SLT is a bettdstained by the DCT and DWT approaches, respectively. In this
candidate for data compression of such signals. type of signal also the SLT outperforms the other two.



PANDA et al: DATA COMPRESSION OF POWER QUALITY EVENTS 667

e REFERENCES
! b [1] J.Arrillaga, M. H. J. Bollen, and N. R. Watson, “Power quality following
%8 ] deregulation,’Proc. IEEE vol. 88, pp. 246—261, Feb. 2000.
‘E - [2] K. R. Rao and P. YipPiscrete Cosine Transform: Algorithms, Advan-
= °r 1 tages, Applications New York: Academic, 1990.
54,,5. ' [3] S. Santosocet al, “Power quality assessment via wavelet transform
analysis,”|[EEE Trans. Power Deliveryvol. 11, pp. 924-930, Apr.
i 1995.
s [4] L. Angrisani et al, “A measurement method based on the wavelet
o 0.1 0.2 0.3 04 0.5

transform for power quality analysisiEEE Trans. Power Deliveryno.
PE-056-PWRD-0-1-1998.
Fig. 15. A 50 Hz signal with voltage flicker. [5] D. L. Donoho, “Denoising by soft thresholdinglEEE Trans. Inform.
Theory vol. 41, pp. 613-627, May 1995.
. [6] S. Santoso, E. J. Power, and W. M. Grady, “Power quality disturbance
F. Voltage Flicker data compression using wavelet transform methd&&EE Trans. Power
Voltage flicker refers to slow (0.5-30 Hz) modulation of the _ Delivery vol. 12, pp. 1250-1256, July 1997.

| itud l d lic load ith | . [7] T.B. Littler and D. J. Morrow, “Wavelets for analysis and compression

VO_ tage magnitude. CYC Ican acy(_: Ic Oa_ s with temporal vari- of power system disturbancedEEE Trans. Power Deliveryol. 14,

ation or sudden starting of large induction motors can cause pp. 358-364, Apr. 1999.

voltage flicker. The amplitude of a sinusoidal voltage signal [8] S\}S- ?Uf;usv F}- A. Ggp”:athv a;‘é:f'ﬁ Gl’f‘fjﬂgducﬂonﬁ\l/:/aifgegits and
. avelet Transform ngliewoo IS, . Prentice-Hall, .

(1 p.u., 50 HZ) IS mO(_jUIated bY a I(_)W frequency component of [9] G. Strange and T. Nguyekiyavelets and Filterbanks Wellesley, MA:

0.05 p.u., 5 Hz and is shown in Fig. 15. At CR 10 the re- Wellesley-Cambridge, 1996.

constructed signal by SLT possess 95.18% of energy as corft0] I. W. Selesnick, “The slantlet transform/EEE Trans. Signal Pro-

pared to 90.75% by the DCT and 91.34% by DWT. Again, the[ll] ;eislg]grroé 4|37é;|Ei'nliotc}i?nﬁth;r?dlggsbkh|in “Wavelet-like bases

MSE index for SLT is—19.78 dB and that fpr the D_CT and for the fa'st solution’of second k’ind integral eqL’JatiorSlAM J. Sci.

DWT are—10.76 dB and-14.74 dB, respectively. This result Comput, vol. 14, pp. 159-184, Jan. 1993.

clearly shows the superiority of the SLT approach to compresB2] I. DaubechiesTen Lectures on WaveletsPhiladelphia, PA: SIAM,

the flicker signal. 1992.

Time in sec.

V. CONCLUSION

In this paper, the SLT has been applied for compression (9f
data pertaining to the PQ events. The SLT is an orthogonal
DWT and provides improved time localization than the DCT
and DWT. The compression performance of the new approach is
assessed through computer simulation and the results are com- _ , _ o
pared with the DCT and the DWT approaches. Considering vark Dash photograph and biography not available at time of publication.
ious compression parameters such as the percentage of energy
retained and the MSE in decibels of different PQ signals, it is,
in general, observed that the accuracy of the reconstruction of
the proposed SLT method is better than that the DCT and DW¥K. Pradhan, photograph and biography not available at time of publication.
Exhaustive computer simulation results on different PQ signals
indicate this trend. Thus itis, in general, concluded that the SLT
based compression technique yields better performance com-
pared to both the DCT and DWT. S. K. Meher, photograph and biography not available at time of publication.
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