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Abstract — Bilinear time-frequency distributions (TFDs) are
powerful techniques that offer good time and frequency
resolution of time-frequency representation (TFR). It is very
appropriate to analyze power quality signals which consist of
non-stationary and multi-frequency components. However, the
TFDs suffer from interference because of cross-terms. This
paper presents the analysis of power quality signals using
bilinear TFDs. The chosen TFDs are smooth-windowed
Wigner-Ville  distribution (SWWVD), Choi-Williams
distribution (CWD), B-distribution (BD) and modified B-
distribution (MBD). The power quality signals focused are
swell, sag, interruption, harmonic, interharmonic and transient
based on IEEE Std. 1159-2009. To identify and verify the TFDs
that operated at optimal kernel parameters, a set of
performance measures are defined and used to compare the
TFRs. The performance measures are main-lobe width
(MLW), peak-to-side lobe ratio (PSLR), signal-to-cross-terms
ratio (SCR) and absolute percentage error (APE). The result
shows that SWWVD is the best bilinear TFD and appropriate
for power quality signal analysis.

Index Terms—bilinear time frequency distribution, optimal
kernel, power quality, time frequency analysis

[. INTRODUCTION

Nowadays, power quality has become important because
of the usage of electrical equipment in our daily lives. It has
become an issue because the presence of the power quality
signal can generates higher losses and cause low reliability
of the whole systems. Moreover in industrial plants, the
effect comes to the reduction of lifetime of the load and the
ineffective performance of protection devices. For that
reasons, an automated monitoring system is required to
provide adequate coverage of the entire system, rectify the
causes of these disturbances, resolve existing problems and
predict future problems [1].
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In current research trend, short time Fourier transform
(STFT) [2] is a popular technique for power quality signal
analysis. The technique presents the signal jointly in time-
frequency representation (TFR) which provides temporal
and spectral information. However, it has limitation of a
fixed window width that results a compromise between time
and frequency resolution. The greater temporal resolution
required, the worse frequency resolution will be and vice
versa. To overcome the limitation of the fixed resolution of
STFT, wavelet transform (WT) was proposed by various
researchers [3]. In addition, WT also exhibits some
disadvantages such as its computation burden, sensitivity to
noise level and the dependency of its accuracy on the chosen
basis wavelet [4, 5].

Bilinear time-frequency distributions (TFDs) [6] have
been intensively used to characterize and analyze non-
stationary signals. The bilinear TFDs offer a good time and
frequency resolution and are successfully applied to various
real-life problems such as radar, sonar, seismic data
analysis, biomedical engineering and automatic emission
[7]. However, the TFDs suffer from the presence of cross-
terms interferences because of its bilinear structure. This
inhibits interpretation of its TFR, especially when signal has
multiple frequency components [8]. Some members of the
bilinear TFDs are Wigner-Ville distribution (WVD),
windowed Wigner-Ville distribution (WWVD), smooth-
windowed Wigner-Ville distribution (SWWVD), Choi-
Williams distribution (CWD), B-distribution (BD), modified
B-distribution (MBD) and Born-Jordan distribution (BJD).
An analysis of the auto-terms presentation using the reduced
interference distributions (RID) has been discussed [9]. A
procedure of designing a kernel that will produce the desired
auto-term shape and an optimal kernel with respect to the
auto-term quality and cross-term were demonstrated.

In this paper, the SWWVD, CWD, BD and MBD which
are the popular bilinear TFDs are chosen to analyze power
quality signal. The power quality signals are swell, sag,
interruption, harmonic, interharmonic and transient. A set of
performance measures to identify the optimal kernels of the
TFDs by comparing their TFRs in terms of main-lobe width
(MLW), peak-to-side lobe ratio (PSLR), absolute percentage
error (APE) and signal-to-cross-terms ratio (SCR). APE is
the first consideration because of its ability to quantify the
accuracy of signal characteristics that are calculated from
the TFR, and then the SCR, MLW and lastly PSLR. From
the comparison results, the best bilinear TFD is chosen for
power quality signal analysis.

II. SIGNAL MODEL

This paper divides the signals 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
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transient is for transient signal. The signal models of the
categories are formed as a complex exponential signal based
on IEEE Std. 1159-2009 [10] and can be defined as

3
2, ()= TN AT (-1 ) (1)
k=1
20 (0) = €7 1 41 o
3
Ztrans (t) = eAIZI'ZfIt Z Hk (t - tk—l)
k=1 (3)
+ Ae—1~25(f—f1 Yt =ty )e.izﬂfz (t-t, )H2 (l _ tl)
1 for 0<t<t, —t,,
I, (¢) = 4)
0 elsewhere

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

1.Swell: 4, =43=1,A4,=1.2,t;,= 100 ms, t,= 140 ms
2.Sag: A, =A3=1,4,=0.8, ;=100 ms, t,= 140 ms

3. Interruption: 4, = A3=1, 4,= 0, t;,= 100 ms, t,= 140 ms
4. Harmonic: 4 =0.25, f,=250 Hz

5. Interharmonic: 4 = 0.25, f,=275 Hz

6. Transient: 4= 0.5, f,= 1000 Hz, #,= 100 ms, #,= 115 ms

III. BILINEAR TIME-FREQUENCY DISTRIBUTIONS

Bilinear TFDs analysis is motivated by the weakness of
linear TFDs. Generally, the bilinear TFDs can be formulated
as

BA6))= [ 6o # Kooyexp(= 2afo)de (5)

where G(t,7)
function for every TFDs, K, (¢,7) is the bilinear product of

is the time-lag kernel and has different

the signal of interest, z(#), and the asterisk with ¢ denotes
time-convolution of the signals. The bilinear product can be
defined as

K_(t,0)=z(t+7/2)z (t—7/2) (6)

A. Smooth-Windowed Wigner-Ville Distribution

The SWWVD has a separable kernel [11] which is
separated in time and lag components. This technique has
the advantages of reducing the effects of interferences or
cross-terms and at the same time having a high time and
frequency resolution. General expression of the separable
kernel is written as

G(t,7) = H(t)mr) (M

where H(¢) is the time smooth (TS) function and w(7) is the

lag window function. In this paper, raised-cosine pulse is
used as the TS function while Hamming window is as the
lag-window [12] and are, respectively, defined as

0.54+0.46¢co0s(xz/T for -T,6<r<T
W(r) = ( ) g g )
elsewhere
1+cos(mt/T,) for 0<¢t<T,,
H(t)= ©)
0 elsewhere

The optimal setting of the separable kernel is different
for all types of signal. It has been discussed specifically in

[9].
B. Choi-Williams Distribution

The CWD function adopts exponential kernel to reduce
interference in TFDs [11] and can be defined as

NTO _rlot? /2

G(t,7)= |1'| e

(10)

where ¢ is a real parameter that can control the resolution
and the cross-terms reduction. This kernel gives good
performance in reducing cross-terms while keeping high
resolution with a compromise between these two
requirements.

C. B-Distribution

The BD uses positive real parameter that controls the
degree of smoothing where the value is between zero and
unity [11]. The positive real parameter, S, is defined in time-
lag plane where it acts like a low-pass filter in the Doppler
domain. Its kernel distribution is defined as

G(t,7) = ||’ cosh ™ ¢ (11)

D. Modified B-Distribution

The MBD was proposed to correct the drawback of the
BD which the modification is made in terms of lag-
independent kernel [11]. As stated in equation (12), the
different can be seen in terms of its denominator

_2ﬁ
Gt.t) = . cosh™" ¢

J.cosh_zﬂ &

—00

(12)

IV. PERFORMANCE COMPARISON

Several performance measures are used to verify the
TFRs of the power quality signals. Main-lobe width
(MLW), peak-to-side lobe ratio (PSLR), signal-to-cross-
terms ratio (SCR) and absolute percentage error (APE) are
four performance measures that need to be verified before
identifying the TFDs operated at the optimal kernel for
every signal model. These measurements are adopted to
evaluate concentration, accuracy, interference minimization
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and resolution of TFRs [12]. In general, an optimal kernel of
TFD should have low MLW and APE while high PSLR and
SCR.

. . . . P lity Signal
PSLR is a power ratio between peak and highest side- o gual Yoo

lobe while MLW is a width at 3dB below the peak of power g

spectrum [12] as shown in Fig 1. Low MLW indicates good El

frequency resolution and it gives the ability to resolve g

closely-spaced sinusoids. PSLR should be as high as <«

possible to resolve signal of various magnitudes. ﬁrr(w)(mseC)
a

Time-Frequency Representation
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Besides that, APE is also used to present the accuracy of 2000
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where x; is actual value and x,, is measured value.

Time-Frequency Representation

V. RESULTS 2000 , , , . . .
The example of the transient signal and its TFR using 7] EUU A AU SN AU U iga

SWWVD, CWD, BD and MBD at their optimal kernel is
shown in Fig. 2. The line graphs show the signal in time
domain while the contour plot demonstrates its TFR. The : : :
highest power is represented in red colour while the lowest e POz :
is in blue colour. The TFR shows that, the transient signal % 8 100 120 180 160 180
has fundamental frequency along the time axis and a Time (ms)
momentary power increase at transient frequency which is at (e

1000 Hz. However, the duration of the momentary power is ‘ o _ _

different for each plot. SWWVD presents the shortest Fig. 2 a) Transient signal and its TFR using b) SWWVD at 7,=10 ms and
duration (14 ms) and MBD is the longest (22 ms) while BD L0 ms, ¢) CWD at o= 1.0, d) BD at f=0.05 and ) MBD at 5= 1.0.
(18 ms) is longer than CWD (16 ms). Besides that, the TFR

shows some delays compared to input signal because the

convolution process between kernel and signal in the TFDs

shifted the TFRs in the time domain.
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A. Performance Comparison of Smooth-Windowed Wigner-  B. Performance Comparison of Choi-Williams Distribution
Ville Distribution
The optimal kernel parameters of the CWD for voltage
The optimal kernel parameters for the transient signal are  variation, waveform distortion and transient signals are at ¢
at T, = 10 ms and 7, = 1.578 ms. To identify the =0.05,0.01 and 1.0, respectively. As example, performance
performance response corresponding to the kernel of sag signal using the CWD at various ¢ is shown
parameters, the performance measures of the TFR with  graphically in Fig. 4. The graph illustrates that, when o is
various kernel parameters are plotted in Fig. 3. The optimal  get higher than its optimal kernel, the MLW and SCR are
kernel parameters chosen should be low MLW and APE but  majler. Higher o increases frequency resolution of the TFR
high PSLR and SCR. As shown in Fig. 3 (a), at optimal ¢ it reduces cross-terms suppression. As a result, the APE
value f’f T, and higher T,, SCR 18 lower becausg of the g higher. As o is set smaller, the SCR is higher because
reduction of the cross-terms suppression. However, it r.esults smallr o removes more cross-terms. However, the
MLW smaller that indicates higher frequency resolution of frequency and time resolution get worse and resulting in

the TFR. In addition, higher 7, also increases the APE.that higher MLW and APE. Thus, & should be chosen based on
presents lower accuracy of the TFR. As T, is set at optimal . . : .
8 the signal characteristics and a compromise between time

value while 7, is higher as shown in Fig. 3 (b), it gives and frequency resolution and cross-terms suppression is
smaller SCR and constant value of MLW. Besides that, the . . .
required to obtain optimal TFR.

APE is also higher because higher Ty, reduces the time
resolution of the TFR. Thus, there is a compromise between

cross-terms suppression and time resolution to obtain - - C;:tEimal G. SCR a
optimal TFR. o 16 9%

The optimal kernel parameters for voltage variation s 1‘21 = RS I 32
signal are at 7, = 10 ms and T},, = 0 ms. For this signal, the Lf 10 = """;--m S E— ° T boeo
use of the TS function does not introduce any improvement g 8 N = A e " ig ?
in the cross-terms suppression because all cross-terms have < i * S S
no Doppler frequency. For waveform distortion signal, the g, —_— ae=—" | ig
optimal kernel parameters for harmonic signal are at 7, = 20 Z o0 """“'l--r-q--"" - . 0
ms and 7, = 7.5 ms while for interharmonic signal are at T, = 0001 0005 001 005 0.1 05 1

=20 ms and T}, = 6.67 ms. All cross-terms of these signals

have Doppler frequency and can be removed by using the

TS function at optimal 7,,. Higher T, does not improve the

cross-terms suppression but it is still used to set the C. Performance Comparison of B-Distribution

frequency resolution of the TFR that can differentiate

harmonic and interharmonic frequency component. For the BD, the optimal kernel for voltage variation
signal is at f = 0.001 while waveform distortion and
transient signals are at # = 0.05. As instance, Fig. 5 shows

Fig. 4 CWD with various & for sag signal

b MLW == =cAPE :cccBeec SCR = @ = PSR the example of the performance of the BD for harmonic
5, Optimal 7, . sigpal. The graph shows. tha}t, as p is set other' than the
’ | es optimal value, the MLW is similar and the SCR is smaller.

L 87 This indicates that f does not change the frequency

20 - 86 resolution and reduce the cross-terms suppression in the
15 I zz TFR. As a result, the APE is higher.
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. ;‘/ . s D. Performance Comparison of Modified B-Distribution
& S P i o o -
; s . A
° ' ' ' ' ? Fig. 6 shows the performance of swell signal using
0 1.578 6.67 75 10 . . . . . .
various 4 and its optimal value is identified at § = 0.05.
(b) Since the performance response of the kernel parameter is
Fig. 3 MLW, APE, PSLR and SCR of TFR at (a) optimal T,,, with various ~ Similar to BD, same discussion can be made for MBD.
T,and (b) optimal T, with various 7, for transient signal. However, BD gives better accuracy of the TFR which
contributes in higher APE. For swell and sag signals, their
optimal kernel parameters are at £ = 0.05, while
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VI. CONCLUSION

The analysis of power quality signals is presented using
bilinear TFDs which are SWWVD, CWD, BD and MBD to

e LW~ = @b =@ APE  ceccBeces SCR  emmmi emm PSIR

. Optimal 3 o identify the optimal kernel parameter. MLW, APE, SCR and
I T T Eeeeeeee " PSLR are performance measures that have been used to
z° . ) pssgus— 71 ™ analyze the performance of TFRs. The results show that,
2 : . :Z 5 there is no single value of kernel parameter that can suit and
& . . . - 22" o . % be used optimally for all signals. In addition, the
i:: @ w-——w---mt o performance comparison also presents that, the SWWVD
§ ! 20 gives the best performance of TFR compared to the other
2° ' ' ' ' ' ' ° TFDs. Thus, it is chosen as the best bilinear TFD for power

0.001 0.005 0.01 0.05 0.1 0.5 1

Fig. 6 MBD with various £ for swell signal

E. The Optimal Performance of the Bilinear Time-
Frequency Distributions

The performance of SWWVD, CWD, BD and MBD at
optimal kernel are shown in Table I. The results show that
SWWVD is the best distribution for power quality signal
analysis. It has good APE, SCR and PSLR but poor for
MLW. However, for CWD, BD and MBD the analysis
shows that they present good MLW but poor in terms of
APE, SCR and PSLR. Thus, it clearly proves that the
SWWVD is the best bilinear TFD and appropriate for power
quality signal analysis.

quality analysis and classification purpose.
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