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Analysis of Power Quality Disturbances
Using Spectrogram and S-Transform

N. H. T. Ahmad, A. R. Abdullah, N. A. Abidullah, M. H. Jopri

Abstract — The performance analysis of spectrogram and S-transform for power quality
disturbances such as swell, sag, interruption, harmonic, inter-harmonic, and transient based on
IEEE Std 1159-2009 are presented. These analyses are performed to identify the best performance
for detection of power quality disturbances.

This is important to provide the improvement of power quality which capable to accurately
measured, detect the power quality phenomena. Therefore the accurate detection of power quality
disturbances can be developed based on the best techniques. By using both techniques, the
temporal and spectral information are obtained. From the time frequency representation (TFR)
the signal parameters are estimated such as instantaneous root means square voltage (RMS), total
waveform distortion (TWD), total harmonic distortion (THD) and total non-harmonic distortion
(TnHD).The signal characteristics are calculated from signal parameters to verify the
performances of both techniques, the APE results are used to identify the accuracy of these
techniques. By perform the analysis; the results show the S-transform is a better tool to analyze
the transient disturbances whereas for voltage variation and harmonic disturbances the
spectrogram gives higher accuracy result.

As a conclusion both techniques are capable to analyzed power quality disturbances, and it
clearly shows that, the S-transform has an advantages in term of time-frequency resolution which
capable to detect and localized various kind of power quality disturbances and it essential for the
development of advanced real-time monitoring. Copyright © 2014 Praise Worthy Prize S.r.l. - All
rights reserved.
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Nomenclature f Frequency
pu Per unit
TFR Time Frequency Distribution
TWD Total Waveform Distortion
THD Total Harmonic Distortion L. Introduction
TnHD Total Nonharmonic Distortion . . g
APE Absolute Percentage Brror The increasing of non-linear loads such as power

converters, arc furnaces and motor drives are connected
to the power system introduced serious power quality
problems for the system especially for industrial
7 (t) Waveform distortion customers. These electronic devices are introduced
distortion in term of phase, frequency, and amplitude of
the power system, which lead to severe problems such as
N (l i ) Input signal in time frequency malfunctions  equipment, overheat, overvoltage,
instability, light flicker and data losses. Therefore, the

STFT Short Time Fourier Transform
Zy, (t ) Voltage variation

Zirans (t ) Transient

g(f) Gaussian window analysis of detection power quality disturbances are
o) Standard deviation required to provide a clear understanding of what happen
Af Frequency resolution in the system and the problem will be minimize by
At Time resolution perform a suitable corrective and preventive measure [1].
/- Diseationet swell Tirpe—frequgncy analysis .tech.niques are extensively
' used in analyzing power quality disturbances.
T4 sag Duration of sag These techniques have been effectively providing the
i Average rms useful information to address a variety of problems in
t Duration of transient o :
frans ) Previously, most of researchers used Short Time
4 Time Fourier Transform (STFT), although this technique has
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capability to extract feature in time and frequency and
suitable for harmonic analysis, [2] it still have a
limitation of fixed window width which causes fixed
time-frequency resolution therefore it difficult to detect
occurrences time for high frequency signal and it also
sensitive to noise level [3]-[8]. The wavelet transform is
widely used to avoid the disadvantages of STFT for
analyzing power quality disturbances. It is effective in
providing time—localized information for sag, transient
and overvoltage and required to testing various wavelet
for best detection and classification result [5], [8]-[11].

Furthermore, wavelet transform incapable to give
accurate results under a noise condition. Both techniques
have been successfully used for power quality
disturbances detection but each technique not capable to
analyze various power quality disturbances effectively.

Recently, time frequency analysis is S-transform
which combination element of STFT and S-transform.

It capable to detect disturbances correctly in the
presence noise [5], [12]. Dash has been used the S-
transform to detect the power quality disturbances. For
example [13] researcher mentioned S-transform is
superior for analyzing transient signal. The capabilities
between both techniques in term of identifying a suitable
time-frequency resolution are not discussed very clearly
in previous research. Therefore, this paper is proposed to
compare the performance of spectrogram and S-
transform which is useful in process of selection the
effective technique for analyzing the various kinds of
power quality disturbances. The results show S-transform
is a better tool to analyze the transient disturbances
whereas for voltage variation and harmonic disturbances
the spectrogram gives higher accuracy result.

II. Power Quality Signals

Power quality disturbances divided into three
categories: voltage variation, waveform distortion and
transient signal. Swell, sag and interruption are under
voltage variation, harmonic and interharmonic are for
waveform distortion and transient signal. The modeling
of this categories are formed in complex exponential
signal based IEEE Standard 1159 and can be expressed
as [14]:

3
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where z,,(f), represents voltage variation, z,,(¢) represents
waveform distortion and z,,,(f) represents transient
signal. k is the signal component sequence, A4; is the
signal component amplitude, f; and f, are the signal
frequency, ¢ is the time while I1(¢) is a box function of
the signal. In this analysis, fi, #p and #; are set at 50 Hz, 0
ms and 200 ms, respectively, and other parameters are
defined as below.

Table I gives the details of signal modeling and their
control parameters for this research. Meanwhile, the
characteristics of power quality disturbances are depend
on voltage magnitude, frequency and duration.

TABLE I
MODELING POWER QUALITY DISTURBANCES

Signal Parameter Time
Swell A1=A43;=1,4,=12 t,=40 ms, 1,=200ms
Sag Al:A3: I,AZ:O.g t1:40 ms, f2:200 ms
Interruption A =A4=1,4=0 t,=40 ms, t,=200ms
Harmonic: A=025 f=250Hz
Interharmonic A=0.25 f=275Hz
Transient: 4 A=0.5 £,=1000 Hz, ,=115m

612

Based on the duration of existences of power quality
disturbances, it can be divided in short, medium or long
duration as depicts in Fig. 1.

| LONG DURATION

s SHORT DURATION '
18 - ‘
w '
[=) '
g 1.4 ; L
Z 1.1 | OVERVOLTAGE :
Q10 NORMAL STATE
= 09 ]
u 0.8
SAG
E 0.1
Q%7 INTERRUPTION
0.01 0.6 3 60
DURATION (s)
Fig. 1. Characteristics of power quality disturbances
III. Time- Frequency Analysis
Spectrogram

Spectrogram is the squared magnitude of the STFT.
The spectrogram time frequency representation is
calculated as follows [15], [16]:

- 2

S(t.f)=|[ x(z)w(z—t)e > at

—00

©)

where x(#) is the signal under analysis and w(¢) is the
window function. The hanning window is selected
because of its lower peak side lobe which is narrow
effect on other frequencies around fundamental value (50
Hz in this study) and other frequency components.

S-transform

S-transform employs a moving and scalable localizing
Gaussian window. It combines a frequency dependent
resolution with simultaneous localizing the real and
imaginary spectra.
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The general S-transform is defined by the equation
[17]:

S(e.f)=[" h0)g(z-rr)e " d (©)

where A(?) is the signal and g(¢) is a window function.
Windows function is a modulated Gaussian function
expressed by:

1 ef(zz /202)

o~\2r

where standard deviation, o is function of time and
frequency, f defined as:

g(r)= (7)

= ®)
171

The gaussian window are expressed in four window
size as depicts in Fig. 2.
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Fig. 2. Gaussian window

Comparison spectrogram and S-transform

The time-frequency characteristics of spectrogram and
S-transform are illustrated in Figs. 3. Fig. 3(a) shows
spectrogram has a fixed window which means it has
fixed time-frequency resolution for all frequency bands.

However S-transform involves in varied time-
frequency at different frequency band as depicts in Fig.
3(b), which allow selecting a suitable window depend on
the frequency band. The window length affects the time
resolution, and frequency resolution. In this case, the
narrow length results in coarse frequency resolution, a
fine time resolution. In other words, the windows
provides good localization in the frequency-domain for
low frequency, while its provides good localization in the
time-domain for higher frequencies [18]. In fact, the
frequency resolution, is the inverse of the time window
size and it can be expressed as:

_2n_ S

o =r= ©)

where N is the window length and f; is the sampling
frequency. The window length N affects also on time
resolution. The time resolution is:

(10)
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Figs. 3. Time frequency characteristic spectrogram (a)
and S-transform (b)

These equations prove that, a narrow window leads to
good time resolution and poor frequency resolution and
vice versa.

However, the spectrogram has fixed window length
and it will result a fixed frequency resolution, but to have
the different resolution the spectrogram should be
repeated with the different window length.

Table II shows frequency bands for spectrogram
technique where fixed window, Nw=>512 are selected for
all frequency bands. Once the fixed window size is
selected, there is a fixed or same frequency resolution
over all frequency bands as illustrated in Figs. 3.

TABLE II
FREQUENCY BANDS SPECTROGRAM
Level Frequency bands Hanning
Level 1 0Hz-1500Hz 512,
Level 2 1500Hz-3000Hz S12
Level 3 3000Hz-4500Hz 512,
Level 4 4500Hz-6000HZ 512

In this research, the S-transform technique are divided
in four frequency bands, which is for level 1 the
frequency is (0Hz-1500Hz), and then followed by level 2
the frequency is (1600Hz -3000Hz), level 3 the
frequency is (3000Hz-4500Hz) and for level 4 the
frequency is (4500Hz-6000Hz). The window size of S-
transform technique is depending on the estimated
frequency level.

At level 1 the chosen window is Nw=512 which same
as spectrogram technique. Meanwhile, the window size is
Nw=256 for level 2, and for level 3 the selection window
is 128.

International Review of Electrical Engineering, Vol. 9, N. 3
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The window chosen, Nw=64 is for frequency band
level 4.

The relationship between frequency level and window
chosen are illustrated in Table III.

TABLEIII
FREQUENCY BANDS S-TRANSFORM
Level Frequency bands Gaussian
Level 1 0Hz-1500Hz 512
Level 2 1500Hz-3000Hz 256
Level 3 3000Hz-4500Hz 128
Level 4 4500Hz-6000HZ 64

IV. Signal Parameter and Characteristics

Parameters of the signal such as instantaneous RMS
voltage, fundamental voltage, total waveform distortion,
total harmonic distortion, and total non-harmonic are
estimated from the time frequency representation (TFR)
to give the signal information. This information is
important to detect the presences of power quality
disturbances.

From the signal parameters the characteristics of
power quality disturbances are calculated. The
parameters of RMS voltage are used to calculate the
duration of swell, sag, interruption and RMS voltage:

i
Td,swell = J- {1)
0

for V.

rms

()21.1dt

elsewhere

(11)

} 1 for0.1<¥,,
L sag = 5 0 elsewhere

g

0

(=09,

t (12)

for V,

1 rms

(r)<0.1
0 elsewhere

dt (13)

d int

T
v

s ()t (14)

1
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meanwhile, duration of transient can be identified from
the parameter instantaneous total waveform distortion
and can be expressed as:

T
1 forT WD >TWD
[mm J' ) trans thres i (15)
5 L0 elsewhere

where TWD,ansres 1S the total waveform distortion
threshold for transient. In this study, the threshold is set
at 0.001.

Total harmonic distortion average and total
interharmonic distortion average are also important
characteristics. They can be calculated, respectively from
the parameter of instantaneous total harmonic distortion
and instantaneous total interharmonic distortion as
follows:
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THD,,,

Vi
%jTHD(t)dt (16)
0

T
TnHD,,, = % [TntiD(1)dt (17)

V.

Rule-based classifier is a deterministic classification
method which it is simple and easy to implement.

It develop based on IEEE Standard 1159-2009 [14] by
considering the voltage magnitude and the duration of
disturbances happen in order to determine the type of
disturbances.

The following pseudo code describes a rule based
classifier of the power quality signal based on the signal
characteristics. The threshold settings are set based on
IEEE std. 1159-2009 [14].

Signal Classification

Function[z]=rule based_classifiet(7swei, Tasags Laints
Td,tmm Vrms.avea THDaveand TnHDave)
If (Td,swell>: 1 Oms) & (Td.swell<:3s)
z=Swell signal;
elseif (7ue>=10ms) & (T54.<=35)
z=Sag signal;
elseif (7,>=10ms) & (7};<3s)
z=Interruption signal;
elseif(7yan>=0.3ms) & (T 12, <50ms)
z=Transient signal;
elseif (THD,,.>=THD j,.5) & (TnHD ,,c.<TnHD,j,.s)
z=Harmonic signal;
elseif (TnHD ,,.>=TnHD yyes) & (THD 1,e<THD jye5)
z=Interharmonic signal;
elseif (Vms,ave>0.9p0) & (Vs ave<l.1pu)
z=Normal signal;
else
z=unknown

VI

The general system design and process for this
research is depicts in Fig. 4. Three categorized power
quality disturbances are generated using Matlab based on
mathematical model as presented in Egs. (1)-(4).

The time-frequency distribution (TFD) functions are
used as a tool to extract the most salient features. It used
to provides two-dimensional representations that reflects
the time varying spectral -characteristics of the
nonstationary signal and the energy of the signal
distributed over the two dimensional T-F. From TFR a
set of parameters are calculated such as, voltage root
means square (RMS), harmonic distortion, interharmonic
distortion, and waveform distortion.

This information is used to identify the characteristics
of power quality disturbances. The parameter RMS
voltage is used to estimate the duration of voltage swell,
sag ,interruption and RMS average, meanwhile the

System Design

International Review of Electrical Engineering, Vol. 9, N. 3
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parameters of average value of harmonic and
interharmonic are used for harmonic and interharmonic
disturbances. For transient disturbances the duration are
defined from the parameter of total waveform distortion.

In classification stage, the power quality disturbances
are classified using rule based classifier regarding on the
voltage magnitude and the duration of disturbances
occur. All of these rule based are developed based on
IEEE Std. 1159-2009 as per Fig. 4.

Power Quality Signals

‘ } Spectrogram & S-transform

H’ Calculate TFR

} Vrms,V1rms, THD,TnHD,TWD

} Tdsag Tdswell, Tdint,Vavg, Ttrans, THD, TnHD

} Rulebased classfier

Signal Parameters

Signal Classification

e

Fig. 4. Process of detection and classification

VIIL.

Detection of Power Quality Disturbances

Results and Analysis
VIIL 1.

a) Detection of Voltage Variation

Fig. 5 shows momentary interruption signal in
duration 0.083s.The time-frequency representation (TFR)
for spectrogram and S-transform in Fig. 6 and Fig. 7 are
almost same around 0.078s, as both techniques used a
same window at low frequency and it gives the same
duration measurement for both techniques. Table IV,
show the comparison results for interruption signals. The
duration for swell disturbances are measured based on
signal characteristics.

Interruption
1
05
3 | 0.083s
2 0 ]
£
<
05
) 002 004 006 008 01 012 014 016 018 02
Time,s
Fig. 5. Interruption signal
Spectrogram
5000
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¥
3 3000
*
g 2000
frs
1000
Td =0.0566s |
° 004 '006 008 01 b12 014 016 018 02
Time.s

Fig. 6. TFR using spectrogram
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Fig. 7. TFR using S-transform

TABLE IV
ANALYSIS VOLTAGE DURATION
Spectrogram S-transform
Actual Measured APE Measured APE
0.083s 0.0566s 3.2% 0.0548% 3.4%
0.075s 0.0484s 3.5% 0.047% 3.7%

0.05s 0.0252s 4.9%
0.03s 0.0066s 8.25%

0.0232s 5.3%
0.0044s 8.67%

Other than that, the APE results are calculated to
measure the performances comparison of both techniques
for this disturbances are presented in next chapter.

b) Detection of Harmonic and Interharmonic

Fig. 8 shows harmonic disturbance with distortion at
3555Hz and 3855Hz. Fig. 9 and Fig. 10 shows the
contour plot for harmonic signal. Fig. 9 demonstrate, the
spectrogram give a good result compared to S-transform
as depicts in Fig. 10 because it has capability to
distinguish the harmonic and inter-harmonic component
due to frequency resolution. The window width for
spectrogram is wider compare S-transform, so the
frequency resolution for spectrogram is better compare to
S-transform.

Harmonic

15 T T T T T T T

‘ “r”j‘ " W w ‘m" u“[l " 1‘1;!“[“‘”‘”“ ; ‘ ‘ il ‘l!\ W“n\

Amplitude

A b L | ey I H}MH\‘ Ll Bl L
\‘M ;‘ HM\ ‘M “H H; \H H“H\\“ ‘}“ U}' ,

Il
0.1 0.12 0.14
Time,s

Fig. 8. Harmonic and Interharmonic signal

Spectrogram
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Frequency,Hz
N w
[=] (=]
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3 8
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0.04 0.06 0.08 0 0.14 0.16 0.18 0.2

1 0
Time,s

Fig. 9. TFR using spectrogram

S-transform
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= 3000 i3

2000t 04
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Fig. 10. TFR using S-transfom
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¢) Detection of Transient Signal

Fig. 11 shows transient disturbance which consist of
high and low frequency 500 Hz and 5000Hz with 12kHz
of sampling frequency. The duration of transient signal is
0.07s. Figs. 12-13 show the TFR for spectrogram and S-
transform. The temporal, spectral, and magnitude
information are be obtain from TFR. Compare Fig. 12
and Fig. 13, the spectrogram gives the better frequency
resolution while S-transform gives good time resolution
as per Fig. 13.

Transient

2

1 IHKI‘I]VFI"'HH[”U I‘M'WHHMF ‘ll'}"&fl[l’i\"l‘l'\w’

X
E) |
E*O 500 Fz 500 Hz
A ELEERLELERERELERERLEEN RN ”mH.b.t.‘\m\.mm
% 002 004 006 008 01 012 014 016 018 02
Time (s)
Fig. 11. Transient
Spectrogram
5000+ } Ll | ‘I
¥ 4000} l Td=0.087s | !
g
§3000
£ 2000}
1000
s 004 006 008 01 012 014 016 018 02
Time,s
Fig. 12. TFR using spectrogram
S-transform
- | "
2060 Td=0.0798s
= | 106
£ 3000
32000 o4
&
1000 0.2
o 0.04 0.06 0.08 0.1 012 014 0.16 018 02
Time.s

Fig. 13. TFR using S-transform

d) Signals parameter estimation

The similar transient disturbance as per Fig. 11 is
analyzed using both techniques. All of the parameters are
shown in Figs. 14-18. For Fig. 14 the instantaneous RMS
voltage increasing momentary from 0.08s to 0.15s and its
duration is 6s. Because of this disturbance only consists
of harmonic component, so there is no value for the total
nonharmonic distortion as per Fig. 17. But for total
harmonic distortion (THD) and total waveform distortion
(TWD) they have increasing percentage at 0.08s to 0.15s
because of the variation of transient disturbance.

VIL.2. Performance Measurement

a) Mean absolute percentage error

The accuracy of both techniques is evaluated to
determine the optimal techniques for detection and
classification power quality disturbance.
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Fig. 18. Total waveform distortion

In order to obtain the accuracy of the simulation,
means absolute percentage error (MAPE) can be
calculated by generated several set data of power quality
event.

The low MAPE results give the highest accuracy of
the system:

MAPE = 1

2 (1) =5 ()] 0me
> ) 100%

n—1 X
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b) Performance measurement of voltage variation

Several set of voltage sag, swell and interruption
disturbances are generated in Matlab based on signal
modeling in previous section with frequency sampling,
f=12kHz. The duration of each voltage variation
disturbances are varied from =40ms-200ms. The results
in Fig. 19 indicates that the swell and sag disturbances
give similar results with actual duration for both
techniques. It means that sag and swell disturbances can
well be detected and localized.

The similarity results for both techniques because
same window which is N, = 512 are chosen, that
resulting a same time-frequency resolution. But for
interruption disturbances the spectrogram give best
results compare to the S-transform.

Voltage variation

Measuremant duration [s)

008 01 012 014 016 018 02

Actual duration (s)
Fig. 19. Voltage variation

¢) Performance measurement of transient signal

The transient signal are analyzed with different
frequencies at the same duration which is 0.01s.

The frequency of this transient signal are varied from
100 Hz - 6000 Hz with step size of frequency is 100Hz.

Fig. 20 shows the analysis results for transient, these
results are obtain from the parameter estimation from
spectrogram and S-transform.

The comparisons of both techniques are represented in
duration and the accuracy of time resolution for each
technique. The spectrogram remains constant duration
which is 0.05s along the frequency 100Hz - 6000Hz
because the fixed window, Nw=>512 are used. Meanwhile
for S-transform technique, the duration changes.

The lower frequency bands used a wide window,
Nw=512 which resulting longest duration 0.04s and at
higher frequency level, the duration is 0.013s, which
close to the actual duration for this analysis. The results
prove that, S-transform technique has a good time
resolution at higher frequency, because the narrow
window length is selected.

The dotted line in the graph also shows the accuracy
(MAPE) of both techniques where the higher frequency
bands give highest accuracy of S-transform, which is
0.45%,with window size Nw=64,while the lowest
accuracy for S-transform is 3% with window size of
Nw=512 at lower frequency bands. But for the
spectrogram the accuracy are constant for all frequency
bands which is 2% . Thus, this analysis has proved that,
the window width selection were affected the time
resolution of the disturbances.

d) Performance measurement and
interharmonic signals

Fig. 21 shows the result for this analysis, it can be
seen that the effect of window length introduces the low
frequency resolution at higher frquency level.The
frequency resolution for S-transform are changes at four
frequency bands,where at level 1(0Hz-1500Hz) it used
the wider window length, Nw =512 and it give a fine
frequency resolution compare to the narrow window
length, Nw=64. At frequency level 4 (4500Hz -
6000Hz), it provide the coarse frequency resolution
compare to other level.

of  harmonic
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Fig. 20. Analysis of time resolution for transient signals
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Variation of Frequency
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Fig. 21. Analysis of frequency resolution for harmonic signals

It also presents that, at lower frequency bands the
calculated frequency for both techniques is close to the
actual frequency while at high frequency the calculated
frequency for S-transform gives different value from
actual.

It means the spectrogram give the accurate detection
for harmonic and interharmonic signals compared to the
S-transform.

The performances comparison in term of MAPE also
presented in Fig. 21,where the spectrogram give a lowest
APE=20% for all frequency band.Meanwhile the APE
for S-transform always changed depend on the frequency
band. For example, at frequency band level 1 (OHz —
1500Hz), the MAPE is almost same with
spectrogram,but it will increased to 43% at level 2
(1500Hz -3000Hz),almost 100% at level 3 (3000Hz-
4500Hz) and for level 4, the highest APE are indicated
which is 182%.

The lowest MAPE, indicates that the techniques are
offer more accuracy for analyze the harmonic and
interharmonic signal. Thus, it can be conclude that, the
spectrogram is better for harmonic and interharmonic
disturbances detection as it has a fixed window so it can
result the good and constant frequency resolution for all
frequency bands.

The spectrogram give a lowest APE=20% for all
frequency band. Meanwhile the APE for S-transform
always changed depend on the frequency band.

At frequency band level 1 (OHz — 1500Hz), the APE
are almost same with spectrogram,but it will increased to
43% at level 2 (1500Hz -3000Hz),almost 100% at level 3
(3000HZz-4500Hz) and for level 4, the highest APE are
indicated which is 182%.

The lowest APE, indicate that the techniques are offer
more accuracy for analyze the harmonic and
interharmonic signal.
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Thus, it can be conclude that, the spectrogram are
better for harmonic and interharmonic signal detection as
it have a fixed window so it can result the good and
constant frequency resolution for all frequency bands.

VIII. Conclusion

The performance analysis presented in this paper
provides the understanding comparison between
spectrogram and S-transform for power quality
disturbances detection. The analysis of this research is
conduct with sampling frequency 12kHz, mean it will
measure the spectral from 0-6000Hz. The results indicate
the voltage variations give almost same results in
duration measurement for both techniques.

Referring IEEE 1159-2009 Std, it states the harmonic
content are 0-5000Hz..Spectrogram give superior result
in detecting harmonic and interharmonic for all
frequency, whereas for S-transform it also can measure at
all frequency.

However S-transform gives accurate frequency
measurement at low frequency which is from 0-1500Hz,
and for higher frequency S-transform is not capable to
differentiate harmonic and interharmonic distortion cause
by narrow window which resulting a higher frequency
resolution.

In the real situation most of harmonic distorted at
O0Hz-1000Hz only. Therefore the S-transform also can be
used for harmonic detection.

While for transient, S-transform shows good results in
detecting time disturbances at all frequency. As a
conclusion, the simulation results demonstrate S-
transform gives good duration measurement at higher
frequency and frequency measurement for low
frequency.
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