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Abstract

This paper presents an accurate classification method of harmonic signal in power distribution
system by using S-transform (ST). ST has a capability of representing signals in jointly time-frequency
domain and known as time frequency representation (TFR). The spectral parameters are estimated from
TFR in order to identify the characteristics and to classify the harmonic signals. The classification of
harmonic signals with the utilization of pattern recognition approach which is rule-based classifier of 100
unique signals is according to the IEEE standard 519:2014. The accuracy of the proposed method is
determined by using MAPE and the results proved that the method provides high accuracy of harmonic
signal classification. Additionally, S-transform also gives 100 percent correct classification of harmonic
signals. It is proven that the proposed method is accurate in detecting and classifying harmonic signals in
the distribution system.
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1. Introduction

The capacity of an equipment or system to work acceptably in its electromagnetic
surroundings without acquainting intolerable electromagnetic pollutions to the environments
known as power quality (PQ) [1]. Presently, the enthusiasm on studies of PQ issue, especially
on harmonic disturbances exponentially increased because of all power equipment have turned
out to be less tolerant to terrible power quality. The observing of harmonic disturbances
becomes crucial with a specific end goal to study the characteristic of the power system, to
distinguish, to measure and mitigate the problems [2, 3]. Thorough research is required for
creating exact strategies for the harmonic signal detection and classification [4]. Previously,
many researchers have considered and proposed different techniques for detection and
classification of harmonic disturbances. The earliest approach is a Fourier transform (FT) which
is utilized to process and analyse stationary signals only. Furthermore, FT analysis contributes
loss of time information during the frequency domain transformation [3]. Consequently, the
discrete Fourier change (DFT) is presented for frequency analysis for steady state signals.
Nevertheless, the DFT has significant disadvantages, for example, spectrum leakage and
resolution [1]. This matter is enhanced by the short time Fourier change (STFT), that used a
window for instantaneous localization in signals. Moreover, the time—frequency resolution relies
on the length of the window. In this manner, because of a similar window length all frequencies,
STFT not suitable to be used for dynamic signal tracking [4]. Wavelet transform (WT) is
introduced due to overcoming the STFT limitation [2]. WT analysis is a method which is capable
of varying the window length. In the situation for low-frequency information, it permits the
utilization of long time interval. Meanwhile, for high-frequency information, a shorter region is
utilized. WT displays some drawbacks, for example, the accuracy totally relies on the selected
mother wavelet, very sensitive to the level of noise and high computation complexity [3]. S-
transform (ST) has been proposed in harmonic classification in order to fix the limitation of the
WT. ST is a hybrid of STFT and WT, and can be utilized to characterize the harmonic
components [5]. The benefit of ST gives a great multiresolution analysis while characterizing the
harmonic components [6-8].
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Numerous classification techniques have performed vital parts in recognition of pattern,
two of the most prominent techniques are back propagation neural networks (BPNN) and rule-
based classifier (RBC). The BPNN gives a good alternative to taking care of the multi-
classification issues due to a simple implementation, self-organizing and flexibility.
Nevertheless, the slow convergence defects and the difficulty to provide practical applications
satisfaction [7]. Therefore, a superior recognition approach such as RBC is required to
overcome the constraint of RBC. RBC is a straightforward deterministic rule and excellent in
classifying the harmonic disturbances [9, 11].

This paper proposes an enhanced S-transform with rule-based classifier
implementation in classifying the harmonic and inter-harmonic signals accordingly IEEE Std
1159:2009 in power distribution system. The harmonic signals are analyzed with ST and
represented in time-frequency representation (TFR). Moreover, the parameters such as RMS
and fundamental value, total harmonic distortion (THD), total non-harmonic distortion (TnHD)
and total waveform distortion (TWD) for voltage and current are estimated from TFR and used
for the classification of harmonic and inter-harmonic signals. The performance of the proposed
technique is verified by classifying 100 signals with numerous characteristics for every type of
voltage variation signals.

2. Harmonic and Inter-Harmonic Signals Classification

Time-frequency distribution (TFD) are incredible methods that represent signals in time
and frequency representation (TFR) and one of TFD technique which is ST is suggested in this
research.
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Figure 1. Implementation Chart for Harmonic and Inter-harmonic Signals Detection and
Classification

3. S-transform

S-transform can provides both the true frequency and referenced phase with
progressive resolution, which make it proficient to analyze nonlinear and non-stationary signals
in numerous fields [3]. The ST is a hybrid of wavelet transform and STFT. ST employs scalable
localizing the Gaussian window and the equation of Gaussian window shown in equation 1 [5].
Generally, ST is defined by the equation as:

ST (@) = [ ht) Le SO gt g )
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Whereby f is the frequency, h(t) is the signal, t is the time, , g(t) is the scalable Gaussian
window and o(f) is a parameter that controls the position of the Gaussian window on the x-axis.
Since the window is wider in the time domain, ST provides enhanced frequency resolution for
lower frequency. Though the window in a narrower, it offers better time resolution for higher
frequency [10]. The variation for the window sizes for S-transform is shown in Figure 2.
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Figure 2. Variation of Window Size

ST uses Gaussian window and the window is scalable and depend on the detected
frequency. When the input frequency is high, ST has a better clarity in the time domain. In
addition, ST offers superb time localization at high frequencies, but poor frequency localization
[6]. In Figure 3, ST resolution with vertical axis shows the time resolution and the horizontal axis
depicts the frequency resolution.
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Figure 3. S-transform Resolution

The frequency and time resolution of time-frequency distributions is correlated to the
width of the window. In this research, ST with scalable Gaussian window is used to compute the
time and frequency.

3.1. Signal Parameters
Parameters of harmonic and inter-harmonic are estimated from the TFR. The spectral
parameters consist of momentary RMS voltage, RMS fundamental voltage, instantaneous total
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waveform distortion (TWD), instantaneous total harmonic distortion (THD), instantaneous total
inter-harmonic distortion (TnHD) [6]. Below are the signal parameters that estimated from TFR.
Instantaneous RMS Voltage:

ffpx(t, f)df

Vrms (t) =
° (4)
Instantaneous RMS Fundamental Voltage:
fui
Vi (® = 2] P, el
flo (5)
Instantaneous Total Waveform Distortion:
TWD(t) _ \/Vrms (t)2 _Vlrms(t)z
Vlrms (t) (6)

Instantaneous Total Harmonic Distortion:

H 2
Zh:zvh,rms(t)

Vlrms(t) (7)
Instantaneous Total Nonharmonic Distortion:

\/Vrms (t) 2 - Z::Ovh,rms (t) 2
Vlrms (t) (8)

THD(t) =

TnHD(t)=

Where P4(t, f) is the TFR of a signal, fo is the fundamental frequency, fs is sampling frequency,
Vimsg IS instantaneous RMS fundamental voltage, Vs IS instantaneous RMS voltage and
Vhms o 1S RMS harmonic voltage. f,=fo+25Hz, f,=fo-25Hz, 25 Hz is chosen for f,; and fi, it can
represent the fundamental frequency value and use for calculating the value of the frequency
element.

3.2. Signal Characteristic

The identification of signal characteristics is gained from the computed spectral
parameters. Additionally, by using the equation 9 and instantaneous RMS voltage, the signal
properties, for example the average of RMS voltage can be calculated. The data of the signal
characteristics are used as input for the classifier to identify the harmonic and inter-harmonics
signal [11].

1

T
Vims,ave = ;f Vims (D) dt ()]

Moreover, total nonharmonic distortion, TnHD,,. and average of total harmonic distortion,
THD,e can be computed from instantaneous total nonharmonic distortion, TnHD(t) and
instantaneous total harmonic distortion, THD(t) individually.

THDaye = 7 [, THD (t)dt (10)
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TnHDqye = = fy TRHD(t)dt (11)

3.3 Signal Classification

The performance of classification is much dependent on the principles and threshold
values. Since in this research, all previous information that's been obtained from power quality
signals gave good information, this classifier is suitable to be used for signal characterization.
The utilization of rule-based classifier agreeing below requirements [12]:

THDgpe > TNHDypres aNd TRHD e < TRHD pres (12)
TnHDgye >= TnHDypyes aNd THD e < THD pyos (13)

In the meantime, a flow chart of the rule-based classifier for signal classification clearly shown in
Figure 4. THD,,., and TnHD,,.s are set according to results of numerous investigation of these
signals. The classification of signals can be done by observing the significant relationship
concerning THD or TnHD. Hence, harmonic signal is classified when the signal has only THD
wherby inter-harmonic signal just only has TnHD.

4. Rule-Based Classifier

The training set of distorted signals is chosen to define straightforward rules that can
distinguish the harmonic disturbances. In this stage, the expert knowledge is used to define the
rule by disaggregating the disturbance [12]. The rule-based classifier of the proposed method is
verified and according to the IEE Std 519:2014 and clearly show in Figure 4.
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Figure 4. Rule-based Classifier Flow Chart

5. Performance Verification
The accuracy of the proposed method is assessed and afterward, the accomplishment
of the proposed strategy depends on this particular.

5.1. Accuracy of the Analysis
The mean absolute percentage error (MAPE) is utilized as prediction accuracy [13] and
can be written as:
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MAPE = ZyN_ |20 ¥q0006 (14)

xi(n)

Where xi(n) is an actual value, x,(n) is measured value and N is the number of data. The
smaller value of MAPE, the more accurate results is and vice versa.

6. Results and Analysis
In this section, the results of the proposed method are comprehensively discussed.

6.1. Harmonic Signals Detection

Figure 5 presents harmonic signal in time domain and its TFRs using ST, respectively,
demonstrated in Figure 5(a) and (b). The TFR indicates that the signal consists of two frequency
components: fundamental frequency (50Hz) and 7th harmonic component (350Hz). Signal
parameters estimated from the TFR using ST are shown in Figure 5(b). Figure 5(c) shows that
the harmonic voltage increases the RMS voltage from a normal voltage which is 1.0 to 1.1 pu.
However, it does not change the RMS fundamental voltage which remains constant at 1.0 pu.
Besides that, the signal also defines the magnitude of TWD and THD remains constant at 10%
and zero percent for the TnHD as shown in Figure 5(d). Thus, the parameters clearly show that
the harmonic signal consists only harmonic frequency components.
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Figure 5. a) Harmonic signal from simulation and its, (b) TFR using S-transform, (c)
Instantaneous of RMS and fundamental RMS voltage, (d) Instantaneous of total harmonic
distortion, total nonharmonic distortion and total waveform distortion
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6.2. Inter-Harmonic Signals Detection

The inter-harmonic signal and its TFR using ST are shown in Figure 6. The signal has
two frequency components which are at the fundamental frequency (50 Hz) and inter-harmonic
frequency of 375 Hz. Signal parameters estimated from the TFR using ST are shown in Figure 6
(b). Figure 6 (c) shows that the inter-harmonic voltage increases the RMS voltage from a normal
voltage which is 1.0 to 1.1 pu. However, it does not change the RMS fundamental voltage which
remains constant at 1.0 pu. Besides that, the signal also determines the magnitude of TWD and
TnHD remains constant at 10% and zero percent for the THD as shown in Figure 6(d). Thus,
the parameters clearly show that the inter-harmonic signal consists only nonharmonic frequency
components.
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Figure 6. a) Interharmonic signal from simulation and its, (b) TFR using S-transform, (c)
Instantaneous of RMS and fundamental RMS voltage, (d) Instantaneous of total harmonic
distortion, total nonharmonic distortion and total waveform distortion

6.3. The Accuracy of the Analysis

Harmonic and inter-harmonics signals are tested and MAPE of the signal properties are
calculated. Then, the results are averaged due to identify the accuracy of the measurements as
shown in Table 1. The table shows that ST gives good accuracy for an average of RMS voltage,
THD and TnHD. In addition, ST has a good accuracy in harmonic and inter-harmonic signal
classification.

Table 1. MAPE Simulation Result for S-transform Analysis

Signal Characteristics MAPE (%)
Vims.ave 0.0426
THDave 0.0541
TnHDve 0.0533
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6.4. Classification of Harmonic and Inter-harmonic Signals

As shown in the previous section, ST gives high accuracy in detection and classification
of harmonic signals. The performance results of the signal classification using the ST are shown
in Table 2. 100 signals with various characteristics for each type of voltage signal are generated
and classified. The table shows that the classification results using ST give 100% correct
classification for all signals. From the results, it can be concluded that the ST is magnificently a
good method for harmonic and inter-harmonic signal classification.

Table 2. Performance of Harmonic and Inter-Harmonic Signals Classification
S-transform

Signal

Number of data sets % Correct Classification
Harmonics 100 100
Inter-harmonics 100 100
Normal 100 100

7. Conclusion

The performance evaluation of the signal analysis using S-transform in terms of
accuracy and classification correctness has been shown clearly in the results section. The
performance of the proposed technique is verified by using MAPE in classifying 100 signals with
various characteristics of voltage signals. The proposed method also gives 100 percent
correctness of signals classification. Hence, it is concluded that the proposed method is an
excellent technique for harmonic and inter-harmonic signals detection and classification.
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