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A Novel Detection Technique for Voltage Sag in Distribution Lines
Using the Wavelet Transform

Young-Hun Ko*, Chul-Hwan Kim** and Sang-Pil Ahn***

Abstract - This paper presents a discrete wavelet transform approach for determining the beginning
and end fimes of voltage sags. Firstly, investigations in the use of some typical mother wavelets,
namely Daubechies, Symlets, Coiflets and Biorthogonal are carried out and the most appropriate
mother wavelet is selected. The proposed technique is based on utilizing the maximum value of D1 (at
scale 1) coefficients in multiresolution analysis (MRA) based on the discrete wavelet transform. The
results are compared with other methods for determining voltage sag duration, such as the Root Mean
Square (RMS) voltage and Short Time Fourier Transform (STFT) methods. It is shown that the voltage
sag detection technique based on the wavelet transform is a satisfactory and reliable method for detect-
ing voltage sags in power quality disturbance analysis.
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1. Introduction

Electric power quality has become an important issue in
the power systems of today. The demand for “clean power”
has increased over the past several years due to the in-
creased use of microelectronic processors in various types
of equipment, such as computer terminals, programmable
logic controllers (PLCs), diagnostic systems, etc. Most of
these devices are susceptible to disturbances on the incom-
ing alternating voltage waveform. Thus, to ensure efficient
and proper utilization of sensitive load equipment, a clean
voltage waveform is vitally important. The most common
type of power quality disturbance encountered at the distri-
bution level is voltage sag. Because of the increased use of
sensitive electronic equipment, these disturbances have a
greater impact on customers than ever before. As a result,
monitoring and assessment of the system performance at
both the transmission and distribution voltage levels are
becoming increasingly important [1- 5].

The first notion for utilizing the wavelet theory in power
systems is credited to Ribeiro [6]. Wavelet theory uses spe-
cial functions called mother wavelets. There are an abun-
dance of mother wavelets and the selection of a wavelet
will depend on a particular application. Thus, initial selec-
tion of the appropriate mother wavelet is essential in order
to enhance the performance of specific applications. In ad-
dition, much of the power system analysis is steady state.
However, in the area of electric power quality analysis,
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transients may take on an important role [7 - 13]. By using
the multiresolution analysis (MRA) technique, the power
quality disturbance signal is divided into two subsidiary
signals; one being the smoothed version of the Power
Quality (PQ) disturbance signal, and the other being the
detailed version of the PQ disturbance signal containing
sharp edges, transitions and jumps. In this respect, the
MRA technique allows detection of sharp time changes in
voltage signal such as voltage sags, interruptions, overvolt-
ages, and transients. Because of this particular attribute,
applications of the MRA technique to PQ disturbance de-
tection are increasing [14]. In this paper, the MRA tech-
nique based on the wavelet transform is applied to voltage
sag detection.

As mentioned before, an important pre-requisite to the
work described herein is the selection of the most appro-
priate mother wavelet, particularly in view of the fact that
the performance of the voltage sag detection technique is
heavily dependent upon the type of mother wavelet chosen.
This paper then describes a novel detection technique for
voltage sags caused by change of linear loads in distribu-
tion lines; it essentially determines the beginning and end
times of voltage sags utilizing the maximum value of D1
coefficients via MRA based on the discrete wavelet trans-
form.

The results attained are compared with other traditional
methods such as those based on RMS voltage and STFT
technology and the effectiveness of the technique devel-
oped herein is illustrated by considering an IEEE 13-bus
distribution system [15]; the system simulation includes a
voltage sag model using the electromagnetic transients
program (EMTP).
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2. Basic Principle of Voltage Sags
2.1 Fundamentals of Voltage Sags

Voltage sag is defined as a momentary decrease of be-
tween 0.1 and 0.9 p.u. in the RMS voltage magnitude for
durations from 0.5 to 30 cycles, usually caused by a remote
fault somewhere within the power system. Voltage sag is

the most important PQ problem facing industrial customers.

Equipment used in modern industrial plants (process con-
trollers, programmable logic controllers, adjustable speed
drives, robotics) is actually becoming more sensitive to
voltage sags as the complexity of the equipment increases.
Even relays and contactors in motor starters can be sensi-
tive to voltage sags, resulting in shutdown of a process
when they drop out. As an example, Fig. 1 typifies a volt-
age sag disturbance.
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Fig. 1 Typical waveform of voltage sag

Voltage sags are typically caused by fault conditions.
Utility system faults can occur in a distribution system or
in a transmission system. A fault on one feeder will cause
an interruption, which will affect the customers on that par-
ticular feeder. However, most of the customers on the other
parallel feeders will also experience voltage sag while the
fault is actually on the system. Faults on a transmission
system can affect an even greater number of customers.
Customers hundreds of miles from the fault location can
still experience voltage sags resulting in equipment malop-
eration when the fault is on the transmission system. Motor
starting can also result in undervoltages, but these are typi-
cally longer in duration than 30 cycles and associated mag-
nitudes are not as low. Motor starting voltage variations are
often referred to as voltage flicker, especially if the motor
starting occurs frequently.

2.2 Specified Voltage Method

This section explains current methods employed in most
existing voltage sag monitors. Since a voltage sag distur-
bance is defined as a reduction in the RMS voltage magni-
tude for a given range of time, it follows that one way to

define the sag duration is by looking for RMS voltage lev-
els that drop below a specified threshold. The RMS voltage
may be calculated from digitally sampled data using a one-
cycle window by (1) [5].

V= =Y Y] (1)

Where N is the number of sample points per cycle of
fundamental, V; is the j" sample of the recorded voltage
waveform, and V;™ is the i sample of the calculated RMS
voltage. The start and stop times of the sag can be defined
in a number of ways, depending on the chosen RMS volt-
age thresholds. The start time is taken as the first point
where V™ drops below 0.95 p.u. To identify the end time,
a search is conducted for an interval whereby V™ recovers
to 0.96 p.u. for at least half a cycle.

This method is very straightforward, but not necessarily
very accurate. Since the RMS voltage is in effect a moving
average calculated using a one-cycle window, there can be
a lag of up to one cycle from the time the voltage sag actu-
ally starts (or clears) and the time that the RMS voltage
falls below the given threshold. Furthermore, since the ac-
tual fault inception and clearing times are not accurately
determined, one cannot use the results in a realistic as-
sessment.

3. Multiresolution Analysis (MRA)

The wavelet transform normally consists of the analysis
and synthesis wavelet pair. Synthesis is used for waveform
reconstruction. In the analysis process, a given signal is
separated into its constituent wavelet sub-bands or levels.
Each of these levels represents a part of the original signal
occurring at a particular time and in a particular frequency
band. These individual bands tend to be of uniform width
with respect to the log of their frequencies, as opposed to
the uniform frequency widths of the Fourier spectral bands.
In the common dyadic decomposition (to be used later), the
sub-bands are represented by a frequency octave. These
divided signals possess the powerful time-frequency local-
ization property, which is one of the major attributes of the
wavelet transform; that is, the resulting broken down sig-
nals can then be analyzed in both time and frequency do-
mains.

Multiresolution analysis refers to the procedures to ob-
tain lowpass approximations and bandpass details from the
original signals. An approximation is a low resolution rep-
resentation of the original signal, while a detail is the dif-
ference between two successive low resolution representa-
tions of the original signal. An approximation contains the
general trend of the original signal, while a detail embodies



132 A Novel Detection Technique for Voltage Sag in Distribution Lines Using the Wavelet Transform

the high frequency contents of the original signal. Ap-
proximations and details are obtained through a succession
of convolution processes. The original signal is divided
into different scales of resolution, rather than different fre-
quencies, as is the case in Fourier analysis.

original signal

Level 1

Level 2

..................................................................

L: lowpass filter, H: highpass filter

Al, A2, A3: approximations of the criginal signal at levels 1,2 and 3 respectively.

D1, D2, D3: details of the ariginal signal at levels 1, 2 and 3 comrespondingly.
Fig. 2 Multiresolution analysis

The algorithm of multiresolution decomposition is illus-
trated in Fig. 2, where 3 levels of decomposition are taken
as an example for illustration. The details and approxima-
tions of the original signal S are obtained by passing it
through a filter bank, which consists of lowpass and high-
pass filters. A lowpass filter smoothes out the high fre-
quency components, while the highpass filter picks out the
high frequency contents in the signal being analyzed. With
reference to Fig. 2, the multiresolution decomposition pro-
cedures are defined as in (2)

D,(n) =Y WK)A, (n—k)
k

@
A(n) =Y 1A, (n—k)
k

where 1, h are lowpass and highpass filter vectors, D; and A,
are the detail and approximation at resolution j, j=1,2,....J, Ajq
are the approximation of the level immediately above level
j» k=1,2,... K, K is the length of the filter vector.

4. Detection Technique of Voltage Sags Using the
Wavelet Transform
4.1 System Model Studied

For illustration purposes, an unbalanced distribution system

corresponding to the IEEE 13-bus distribution test system has
been adopted as depicted in Fig. 3. This system consists of a
three-phase primary feeder with three-, two- and single-phase
laterals. It includes both overhead open-wire lines and under-
ground cables. The substation transformer serving this feeder
is 5000 kVA and the three-phase short circuit MVA on the 115
kV bus of the substation is 1100. Loads consist of three-phase
motor loads and single-phase loads {15].

Modeling of voltage sags is implemented through the
EMTP’s subsection TACS (Transient Analysis of Control
Systems), in which type-97 staircase time-varying resis-
tance is connected to bus 71. The simulation of the power
system has been carried out using the well-known EMTP
software. The number of data sets with voltage sags ap-
plied to this simulation is 20 (caused by a change in the
linear load) and are listed in Table 1.

Table 1. Data cases of voltage sags

Case Start time End time | Duration | Resistance
# [msec] [msec] | timefcycle] {ohm)]
1 296.4 440.3 8.634 23
2 195.4 330.3 8.093 19
3 93.9 404.3 18.624 12
4 121.4 221.9 6.030 23
5 175.8 361.9 11.166 33
6 331.1 427.3 5.772 35
7 231.1 427.3 11.772 15
8 189.9 421.2 13.878 44
9 142.8 404.5 15.702 49
10 193.8 312.5 7.122 27
11 73.1 245.5 10.344 39
12 144.0 395.4 15.084 16
13 224.2 3714 8.832 29
14 129.2 403.4 16.452 39
15 258.8 391.3 7.950 31
16 281.4 444.5 9.786 21
17 210.0 412.5 12.150 41
18 256.7 352.4 5.742 17
19 160.3 441.5 16.872 28

20 237.8 350.2 6.744 37
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Table 2 Results of detection using various mother wavelets

Mother 'Avg. error of. Avg. error of
wavelet N | Estimated start time | estimated end time
[cycle] [cycle]
Daubechies | 2 0.4695 0.0563
4 0.0424 0.0361
6 0.0511 0.0421
8 0.4636 0.0488
10 0.0499 0.0479
Symlets 2 0.4695 0.0540
3 0.0488 0.0358
4 0.0511 0.0398
5 0.0414 0.5029
6 0.0511 0.0428
8 0.0538 0.0421
Coiflets 2 0.0511 0.0375
3 0.0538 0.0421
4 0.0538 0.0421
5 0.0566 0.0431
Biorthogonal| 1.3 2.2360 4.0520
2.6 0.0511 0.0370
31 0.0419 0.0383
4.4 0.0511 0.0453

4.2 Selection of Mother Wavelet for Detection of
Voltage Sags

In the detection technique for voltage sags, selection of
the most appropriate mother wavelet is essential to enhance
the performance of the technique by rapid extraction of
useful information. In this paper, a total of 20 mother
wavelets based on Daubechies (dbN), Symlets (SymN),
Coiflets (CoifN) and Biorthogonal (BiorN) were consid-
ered and the performances of the various voltage sag tech-
niques were then compared. It should be noted that ‘N’
signifies the order of the filter adopted. With regard to the
selection of the mother wavelet, the simple criterion
adopted herein is the least average error relating to the start
and end times. The resultant novel detection technique for
voltage sags will be described in the next section.

Table 2 shows results of the detection using various
mother wavelets. When considering the error at the start
time, sym$, bior3.1, db4, sym3 and dbl0 provide the
minimum error and likewise, for the end time, any one of
the mother wavelets, sym3, db4, coif2, bior2.6 and bior3.1
are appropriate. For this study, the tested db4 mother wave-
let was chosen.

4.3 Detection Techniques for Voltage Sags
4.3.1 Detection algorithm for voltage sags using STFT

Fig. 4 shows the detection algorithm using the STFT,
where i and j are sample numbers and V_60 is voltage of

fundamental component (60Hz). Threshold c is used to de-
termine whether the magnitude of voltage is in the range of
the defined voltage sags. As can be seen, when the voltage
of fundamental component at i" sample number is less than
the threshold c, the time is set to the beginning, i.e. T1. Af-
ter that, j is incremented and T2, the end time is determined
if V_60(j) is greater than threshold c. Finally, voltage sag
can be ascertained by means of checking the duration, T2-
T1. The optimal setting for c¢ is 3.625, which can be de-
rived from the voltage variation of fundamental frequency
in all cases of voltage sags studied as shown in Fig. 7a. The
setting value of this threshold is dependent on the applica-

tion environments.

‘———7/7 Read voltage data /

i=0 r j=i+l
=i+l Computation of V_60(i) Computation of V_60(j) j=i+l
NO NO
YES YES
T1=Time(V_60(i) ) T2=Time(V_60(j))
NO 0.5cycle

<T2-Ti<
30cycle

Voltage Sag Detection

YES

Fig. 4 Detection algorithm using STFT

4.3.2 Detection algorithm for voltage sags using RMS
voltage

Detection algorithm using RMS voltage is shown in Fig.
5, where T is 64 samples. All procedures are similar to that
of STFT, except that RMS values of voltages are used.
Those RMS values are calculated over a 1-cycle period and
the sampling rate employed is 3840 Hz i.e., 64 sam-
ples/cycle at 60Hz. The entire process is based on a mov-
ing window approach whereby the 1-cycle window is
moved continuously by 1 sample. Therefore this process is
different from previous voltage methods as mentioned in
section 2.2.
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Fig. 5 Detection algorithm using RMS voltage

4.3.3 Detection algorithm for voltage sags using the
wavelet transform
Fig. 6 shows the detection algorithm using the wavelet
transform of the proposed technique, where T is 64 sam-
ples. In this algorithm, 1 level of multiresolution analysis
(MRA) is taken to obtain the detail and approximations of
the voltage signal. The approximation smoothes out the

( Stary H Read voltage dats /

Approximation (A1)
Detail (D1) Wavelet Transform

L"*’"—r

t1=D1_Max1
t2=D3_Max2
Duration =abs{tt -t2)

8.5 Cycle
< Duration <
38 Cycle

YES
T
R 1= H
MS_A HL (Al dt

8.1 pu
<RMS_Al<
0.9 pu

YES
Voltage Sag Detection No Voltage Sag

Fig. 6 Detection algorithm using wavelet transform
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NO

high frequency components, while the detail picks out the
high frequency components (transient) in the voltage sags.
Hence, two maximum values of D1 coefficients are utilized
to determine the beginning and end times, respectively.
Next to this MRA process, duration and magnitude condi-
tions are checked similar to previous algorithms, except
that Al coefficients are utilized to calculate the RMS varia-
tion.

5. Simulation Results

The input voltage waveforms including voltage sags are
modified by the capacitor voltage transformer (CVT), anti-
aliasing lowpass filters and A/D conversion processes. It
should be noted that although not shown here, re-
sponse/limitations due to CVTs, relay hardware (such as
voltage interface module comprising anti-aliasing filters
and analogue-to-digital converters) and etc. have been
taken into account in the simulation so that the perform-
ance of the detection technique attained pertains closely to
that expected in reality.

5.1 Results of Detection using STFT

Voltage sags are analyzed by STFT and the results are
depicted in Fig. 7. Figs. 7a, 7b, 7c, and 7d show the voltage
variation of fundamental, 3rd, 5th, and 7th harmonic com-
ponents in voltage waveforms respectively. It should be
mentioned that although not shown here, voltage variation
of the DC and ‘even’ harmonic components are also ana
lyzed by the STFT. Since there are no specific characteris-
tics in both ‘odd’ and ‘even’ harmonic components, only
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Fig. 7 Voltage variation of the fundamental, 3rd, 5th and
7th harmonic components
(a) Variation of fundamental frequency
{b) Variation of 3rd harmonic
{c) Variation of 5th harmonic
(d) Variation of 7th harmonic
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Table 3 Results of detection using STFT

Table 4 Results of detection using RMS voltage

c Start time End time Duration Start time End time Duration
;se Estimated | Error | Estimated | Error time C;se Estimated | Error | Estimated | Error time
time [msec]| [cycle] |time [msec]| [cycle] [eycle] time [msec]| [cycle] |time [msec]| [cycle] [cycle]
1 298.6 0.1345 439.1 0.0638 8.429 1 302.3 0.3566 435.9 0.2546 9.000
2 196.7 0.0687 3309 0.0419 8.054 2 202.3 0.4094 326.8 0.2026 18.473
3 94.7 0.0498 404.8 0.0287 18.605 3 110.2 0.9778 393.0 0.6799 17.953
4 121.7 0.0195 222.7 0.0539 6.056 4 127.1 0.3398 218.8 0.1818 6.484
5 176.9 0.0681 364.2 0.1365 11.238 5 178.6 0.1731 360.7 0.0746 11.906
6 331.9 0.0575 428.7 0.0918 5.806 6 335.4 0.2662 426.6 0.0371 6.453
7 232.0 0.0543 428.7 0.0018 11.800 7 237.5 0.3816 420.8 0.3808 11.984
8 190.4 0.0374 422.5 0.0760 13.923 8 193.5 0.2214 419.5 0.1001 14.547
9 143.6 0.0514 405.8 0.0755 15.733 9 145.6 0.1699 402.9 0.1017 16.422
10 194.6 0.0531 313.2 0.0413 7.117 10 200.5 0.4092 310.7 0.1106 7.594
11 739 0.0029 2477 0.1328 10.426 11 76.6 0.2102 244.0 0.0858 11.031
12 144.6 0.0359 396.5 0.0596 15.109 12 152.0 0.4826 3924 0.1807 15.406
13 224.8 0.0229 3725 0.0744 8.866 13 227.3 0.1778 369.3 0.1205 9.500
14 130.1 0.0510 404.8 0.0755 16.482 14 134.9 0.3405 4023 0.0706 17.031
15 260.1 0.0864 392.3 0.0595 7.929 15 261.7 0.1811 386.7 0.2749 8.484
16 282.0 0.0403 445.4 0.0456 9.802 16 285.9 0.2770 443.2 0.0823 10.422
17 211.2 0.0692 414.1 0.0914 12.175 17 213.5 0.2077 410.9 0.1009 12.828
18 258.1 0.0863 353.8 0.0894 5.744 18 261.7 0.3059 349.7 0.1535 6.266
19 161.2 0.0520 444.3 0.1702 16.982 19 166.9 0.3904 436.7 0.2856 17.172
20 238.3 0.0233 352.7 0.1518 6.868 20 243.5 0.3354 345.3 0.2945 7.094
0.0532 0.0826 0.3307 0.1887
Avg. ertor [cycle] Avg. error [cycle] Avg. error [eyele] Avg. error levelel

the fundamental component in voltage is adopted for the
detection algorithm for voltage sags using the STFT. Table
3 shows the results of the detection using STFT, where all
voltage sags can be detected within the least error. Average
errors of estimated start and end times are 0.053 cycle and
0.083 cycle, respectively.

5.2 Results of Detection using RMS Voltage

Fig. 8a shows waveform of voltage sag and Fig. 8b
shows the corresponding RMS variation of voltage sag in

: o &0 100 180 20 250 30 35 4l 450 500
Time msec]
&)

PMS Variation [pu}

50 1w 190 2] 220 30 350 400 450 S5m0
Time [msac)
(b

Fig. 8 Waveforms of voltage sag and RMS variation of
voltage sags
(a) Waveform of voltage sag
(b) RMS variation of voltage sag

case study #7 shown in Table 1. In Fig. 8, the estimated
start and end times are 237.5 msec and 420.8 msec, respec-
tively. Estimated duration is 12 cycles. Table 4 shows the
results of detection using RMS voltage, where all voltage
sags can be detected, but average errors are slightly higher
than those attained when the STFT is employed. Average
errors of estimated start and end times are 0.331 cycle and
0.189 cycle, respectively.

5.3 Results of Detection Using the Wavelet Transform

Fig. 9 shows the results of 4 levels of multiresolution
analysis by db4 mother wavelet, Fig 9a being the input
waveform of voltage sag in case study #10 shown in Table
1. Fig. 9b is the Al coefficient and Figs. 9¢, 9d, 9e, and 9f
are D1, D2, D3, and D4 coefficients, respectively. Among
these coefficients, D1 demonstrates a slightly better per-
formance in the detection process than D2. Also, with re-
spect to the speed of multiresolution analysis, the D1 coef-
ficient in level 1 is slightly superior. However, in view of
the fact that the utilization of the D2 coefficients for detect-
ing voltage sags under faults is far superior than the em-
ployment of D1 (as shown later), maximum values based
on D2 coefficients are applied in the detection algorithm of
voltage sags using the wavelet transform in this paper. Ta-
ble 5 shows the resuits of detection using the wavelet trans-
form, where all voltage sags can be detected with the least
error. Average errors of estimated start and end times are
0.042 cycle, 0.036 cycle respectively.
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Fig. 9 Results of 4 levels of MRA by db4 mother wavelet
(a) Waveform of voltage sag
(b) A1l coefficient
(c) D1 coefficient

(d) D2 coefficient

(e) D3 coefficient

(f) D4 coefficient

Table 5 Results of detection using wavelet transform
Start time End time RMS of | Duration
Case Esti'mated Error Esti'mated Error |Alcoeffs.| time
1 297.1 0.0441 441.1 0.0579 | 0.536 8.641
2 196.1 0.0344 3207 0.0151 | 0.624 8.016
3 94.5 0.0403 403.9 0.0236 | 0.878 18.562
4 121.9 0.0273 221.1 0.0412 | 0.536 5.953
5 176.6 0.0482 361.2 0.0433 | 0.396 11.078
6 332.0 0.0631 427.8 0.0381 0.376 5.781
7 231.8 0.0378 427.8 0.0381 0.748 11.797
8 190.6 0.0495 420.8 0.0220 | 0.307 13.182
9 143.5 0.0449 403.9 0.0392 | 0.279 15.625
10 194.5 (0.0499 311.7 0.0481 | 0.469 7.031
11 73.7 0.0383 246.4 0.0549 | 0.342 10.359
12 144.5 0.0295 396.4 0.0536 | 0.713 15.109
13 225.0 0.0372 370.8 0.0268 | 0.442 8.750
14 129.7 0.0281 402.9 0.0393 | 0.342 16.391
15 259.6 0.0561 390.6 0.0405 | 0.418 7.859
16 282.3 0.0583 445.6 0.0583 | 0.577 9.797
17 210.7 0.0358 412.0 0.0384 | 0.327 12.078
18 257.6 0.0559 353.1 0.0495 | 0.681 5.734
19 160.9 | 0.0311 | 441.1 0.0201 | 0455 | 16.812
20 238.5 0.0385 351.0 0.0493 | 0.358 21.062
Avg. error 0.0424 Avg. error 0.0361
[cycle] [cycle]

5.4 Comparison of Results by Proposed Detection
Algorithms

Fig. 10 depicts the estimated error of the start time in all
simulation cases by the three proposed detection algo-
rithms, and Fig. 11 also depicts the estimated error of the
end time. With respect to the start time, total average errors
in STFT, RMS voltage and wavelet transform are 0.053
cycle, 0.331 cycle and 0.042 cycle, respectively, and in the

case of the end time, total average errors in STFT, RMS
voltage and wavelet transform are 0.083 cycle, 0.189 cycle,
and 0.036 cycle, respectively. It is thus apparent that in all
the results considered, the detection algorithm for voltage
sags using the wavelet transform has the best performance
particularly in terms of the level of accuracy.

Eror [cycle]
o o o
w a2 o>

o
~

STFT STFT
STFT

>4 @4
2 4 6 8 10 12 14 186 18 20
Case

o

&4

o

a

Fig. 10 Estimated error of start time

Emror [cycle]

Fig. 11 Estimated error of end time

5.5 Detection Techniques for Voltage Sags Caused by
a Fault

In order to simulate voltage sags caused by a fault, faults
at two different points are simulated by the EMTP as
shown in Fig. 12; these are listed as follows. Start times,
end times and duration of each fault are 296.4 msec, 440.3
msec and 8.634 cycles, respectively, for both faults.

(1) a-earth fault on bus 32 (bus32a)

(2) a-earth fault on bus 50 (bus50a)

Fig. 12 Fault points in IEEE 13-bus test system
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Fig. 13 Results of MRA of voltage sag at bus 34a

(a) Waveform of voltage sag
(b) Al coefficient
(c) D1 coefficient
(d) D2 coefficient
(e) D3 coefficient
(f) D4 coefficient

137

Table 7 Results of detection for voltage sags due to the
fault based on D2 coefficients (a-earth fault on bus 50)

In the case of a-earth fault at bus 32 (bus32a), voltage

Start time End time RMS | Durati-
U [ Estimated T g, [ Estimaed [ g | SR e
[msec] [eycle] [msec] [cycle] | [pu] | [cycle]
bus34c 300.3 0.2316 4445 10.2539]0.848| 8.656
bus34b 297.1 0.0441 298.7 8.4961 10.344| 0.094
bus33b 300.3 0.2316 444.5 10.2539 |0.465| 8.656
bus33a 297.1 0.0441 4453 10.3008 | 0.545| 8.891
bus150b|  300.3 0.2316 447.1 0.4101 }0.390| 8.813
bus46b 300.3 0.2316 4445 10.2539{0.461| 8.656
bus45b 300.3 0.2316 444.5 0.2539 10.462| 8.656
bus75b 300.3 0.2316 447 1 0.4101 {0.391{ 8.813
bus50b 297.1 0.0441 4448 10.2695|0.565] 8.859
bus50a 297.1 0.0441 4456 10.3164 {0.563] 8.906
bus32a 297.1 0.0441 445.3  10.3008 [0.545| 8.891
bus32b 300.3 0.2316 4445 10.2539 |0.465| 8.656
bus92b 300.3 0.2316 447.1 0.4101 [ 0.390| 8.813
bus71b 300.3 0.2316 447.1 0.4101 10.390| 8.813

Avg. error 0.1647 Avg. error 0.8995

[cycle] [cycle]

sags occur at 2 spots, namely bus 34a and bus 50a. Table 6
shows the results of detection using maximum values
based on D2 coefficients, where all voltage sags caused by
a-earth fault on bus 32 can be detected. Fig. 13 depicts the
results of 4 levels of multiresolution analysis of voltage sag
at bus34a, Fig. 13a being the input waveform of voltage
sag caused by a-earth fault at bus 32. Fig. 13b is the Al
coefficient and Figs. 13c, 13d, 13e and 13f correspond to
D1, D2, D3 and D4 coefficients, respectively. It is apparent
from these realized waveforms that D2 is the only coeffi-
cient that explicitly provides the requisite information for
the discrimination of the start and end of the voltage sag.
In the case of a-earth fault at bus 50 (bus50a), voltage
sags occur at 14 spots. Here again, as in the previous case,
the only suitable coefficient for accurately detecting the
voltage sag (with the exception of one case) is D2; the be-
havior of this coefficient is summarized in Table 7, which
shows the results of detection using maximum values
based on D2 coefficients. Average errors of estimated start
and end times are 0.165 cycle, and 0.9 cycle, respectively.

Table 6 Results of detection for voltage sags due to the
fault based on D2 coefficients (a-earth fault on bus 32)

Start time End time .

RMS of |Duration

b;s Esttlhrrrllited Error Esttlir;zlted Error Al[;(:iffs. : Ctlyr(r:l((i3 |
[msec] [cycle] [msec] [cycle]

bus34c| 297.1 0.0441 4440 10.2226) 0.830 8.813

bus34b| 297.9 0.0910 | 4440 |0.2226| 0.781 8.766
Ave. error 0.0676 Avg. 0.2226
& [cycle] error [cycle]

It should be mentioned that only a limited set of results
for detection of voltage sag under fault conditions within a
network as presented here. No doubt, in practice many
other types of fault (including those with equipment such
as transformer windings, etc.) can occur and cause voltage
sags elsewhere within the network. Currently, a full-scale
study involving a range of practically encountered faults is
underway and the results will be presented in a subsequent

paper.

6. Conclusions

In this paper, a novel detection technique for voltage
sags using the wavelet transform has been proposed. In ad-
dition, the most appropriate mother wavelet in detecting
voltage sags i.e. db4 mother wavelet, is suggested. The
proposed algorithm is compared with other methods based
on STFT and RMS voltage. Its validity is demonstrated
with simulation studies in relation to the IEEE 13-bus test
system including modeling of voltage sags caused by
change of linear loads in the EMTP software.

Results from the simulation studies show that the analy-
sis and the algorithm developed are accurate and effective
compared to the more traditional approaches, under various
voltage sags in distribution lines. It is proposed to extend
the work not only to detect but also to classify various
types of disturbances automatically.

Finally, the limited study presented also shows the capa-
bility of the technique to satisfactorily detect voltage sags
under fault conditions.
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