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Abstract: The global power demand is increasing year by year. Power quality fault recognition
plays an important role in determining the fault type when a fault occurs, so as to maintain power
quality and supply stability. Therefore, this paper proposed using the symmetrized dot pattern (SDP)
algorithm plus the convolutional neural network (CNN) to study power quality fault recognition.
Six common power quality fault models were taken as the subjects of discussion, including normal
voltage, voltage sag, voltage swell, voltage interruptions, voltage flickers, and voltage harmonics.
First, the voltage variation data of five cycles were extracted from a 60 Hz power supply and
introduced into the SDP. Afterwards, the data were converted into graph data, which could be used
for fault recognition. Lastly, the power quality fault type was identified by CNN. In this study,
600 random fault data (100 data per fault) were imported into the algorithm, and the recognition rate
reached as high as 92.9%. Additionally, SDP could reduce the mass original data. After the subtle
changes in the output signals were captured, they could be observed by images. The power quality
fault state could thus be accurately recognized by CNN.

Keywords: power quality; symmetrized dot pattern; convolutional neural network

1. Introduction

Under the rapid advancement of renewable energy, the emergence of artificial intelli-
gence, the Internet of Things (IoT), and industrial upgrade to enter the high-tech industry,
the current power systems contain numerous power and electronic equipment. The power
systems are closely connected, and the voltage waveform is influenced by partial system
faults or equipment switching, leading to transient variation and distortion of waveforms.
This induces/results in power quality problems. The power supply stability is influenced,
and the power equipment may fail. Therefore, the research on measurement analyses and
fault recognition of power quality is quite important [1-3].

Traditionally, power quality measurement and analysis mostly use Fast Fourier Trans-
form [4—6] to transform time-domain signals into frequency-domain signals to obtain the
signal information in the frequency domain. However, this method only applies to process-
ing steady-state and periodic signals. It cannot accurately display warning messages for
other defective power quality problems. Based on S-transform and support vector machine
(SVM), a method was developed to monitor and analyze power quality [7]. S-transform
is a local time-frequency analysis method, which can simultaneously observe the energy
distribution of signals in the time and frequency domains to extract the signal features and
classify them using SVM. Ref. [8] proposed a method applicable to automated real-time
monitoring of a one-phase power system. The mathematical morphology was combined
with digital filtering to identify transient voltage. This method needs little/minimal cal-
culation to identify the voltage state rapidly. However, this method cannot distinguish
harmonics and interharmonics. Ref. [9] proposed a low-cost method for online monitoring
and identifying the power quality and system disturbances induced by nonlinear loads.
This method identifies different harmonic distortions based on THD of current and mea-
surement of single harmonic components. Ref. [10] used the Google Image Search Engine
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to identify similar waveforms, classified the voltage and current waveform images, and
provided information on possible faults. Ref. [11] developed a combined power quality
automated recognition method based on Hilbert-Huang Transforms (HHT) and Relevance
Vector Machine (RVM). The HHT can efficiently process harmonic signals and extract the
features of power quality signals, whereas the RVM requires a large number of samples to
perform classification and recognition according to power quality characteristics.

This study proposed a hybrid algorithm based on SDP and convolutional neural
networks (CNN) for power quality fault recognition for rapid classification and recognition.
Besides the signal of normal voltage, this study also included instantaneous signals of five
common power quality accidents, such as voltage sag [12,13], voltage swell [13], voltage
interruption [13], voltage flicker [14], and voltage harmonic [15] for experimental testing.
First, a polar diagram was plotted based on the original power signal in the SDP for fault
recognition [16-18]. Then, the CNN performed recognition to obtain the fault type. As the
SDP was highly sensitive to input signals, a subtle change in the input signals is reflected
in the output image. Meaningful eigenvalues can be extracted from the fault signals.
Additionally, the proposed method was compared with HOG+5VM, HOG+Ensemble, and
HOG+KNN to verify its accuracy.

2. System Architecture

Figure 1 shows the proposed method for signal analysis and recognition of power
quality accidents. First, the original power signal was generated by MATLAB/Simulink.
Then, the original power quality signal was transformed by SDP into a polar diagram with
various image features. Afterward, the power quality accident signals were identified by
CNN. The proposed algorithm is described below.
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Figure 1. System architecture.

3. Symmetrized Dot Pattern

The SDP transforms the time-domain signals into a polar diagram through the data
acquisition system. The patterns are compared to work out the differences. The principle
is shown in Figure 2 [16-18]. Wherein r(i) is the radius of the polar diagram; 6(i) is the
clockwise rotation angle of the x-axis; and (i) is the counter-clockwise rotation angle of
the x-axis.
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Xmax in (1)~(3) is the maximum value of the original signal; Xnip, is the minimum value
of the original signal; T is the signal interval time parameter (1 < T < 10); 0 is the initial
deflection angle of the x-axis; k is the amplification coefficient of rotation angle (k < 0).
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Figure 2. Schematic diagram of the SDP operation.

4. Convolutional Neural Network

With multiple layers, CNN can extract useful feature maps by transformation. It is a
popular deep-learning neural network for image recognition functions [18], such as fast
evaluation of transient voltage stability [19] and identifying the source of voltage sags [20].
The CNN architecture is shown in Figure 3, comprising the convolutional layers, pooling
layer, and fully connected layer.
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sl Output
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Figure 3. Schematic diagram of the CNN operation.

4.1. Convolutional Layer

The convolutional layers are used for feature extraction in the CNN. The convolution
kernels of different sizes extract and enhance the features of patterns. The size of convolu-
tion kernels can influence the performance after feature extraction. If it is too small, the
pattern feature recognition is poor. If it is too large, the computing time is too long. The
calculation process is shown in Figure 4.

4.2. Pooling Layer

The pooling layer contains max pooling and average pooling. By compressing the
image data, the most distinguished feature in the map can be seen. The pooling layer usually
follows the convolutional layers to reduce the overall network computing complexity. It
effectively reduces the extracted pattern feature parameter size and maintains the identity.
As shown in Figure 5, the essential features of the original image can be maintained.
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Figure 4. Schematic diagram of the convolutional layer operation.

Pooling Size 2 X 2

2

Stride 2 415 .
1121015 Bl ) 303
51 0 MaxPooling. 3|4
23 -112
3lol21103 05 1.75.
- 212 - 05 | 1 |12s

Average

Pooling .0'75 ;

Figure 5. Schematic diagram of the pooling layer operation.

4.3. Fully Connected Layer

The main architecture includes the flatten, hidden, and output layers. Its effect is
similar to a classifier. The error between input and output is modified by backpropagation,
and the results obtained from the convolutional and pooling layers are predicted. The
differences among different features can be identified better by changing the weight of
each fully connected layer so that CNN can learn more complex feature combinations. The
architecture is shown in Figure 6.

Full Connected Layer

Hidden Layer

Figure 6. Schematic diagram of the fully connected layer operation.
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5. Results
5.1. Power Analysis Data

Based on the literature [12-15], this study used MATLAB/Simulink to construct a
power quality accident simulation circuit on the signals of power quality accidents and to
generate the required accident waveform signal types. This includes voltage interruption,
voltage swell, voltage sag, voltage flicker, and voltage harmonic. Each fault type had
100 pieces of data, and there were 600 pieces of data in total. Among them, 80 pieces of data
of each fault type were used for training, and 20 pieces of data were for testing. Figure 7A-F
shows the voltage signal waveform of one datum of various accidents.
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Figure 7. (A) Normal voltage. (B) Sag of voltage signals to 55 V during 0.029~0.067 s. (C) Voltage
swell of voltage signals to 152.57 V during 0.029~0.067 s. (D) Interruption of voltage signals to
8.03 V during 0.029~0.067 s. (E) Flicker phenomenon of voltage signals. (F) Harmonic distortions of

voltage signals.

5.2. Characteristic Signal Capture

Using the proposed extraction method, this study generated a snowflake diagram
from the normal power signals through SDP, highlighting the features of power quality
accidents. The power quality accident signals in Figure 7A-F were calculated by SDP. The
obtained characteristic snowflake diagrams are shown in Figure 8A—F. The feature maps
clearly show different distributions of power quality accident signals. This verifies that the

proposed method could extract the power quality accident eigenvalues effectively.
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Figure 8. (A) Normal energy eigenvalue curve. (B) Sag energy eigenvalue curve. (C) Swell energy

eigenvalue curve. (D) Interruption energy eigenvalue curve. (E) Flicker energy eigenvalue curve.
(F) Harmonic energy eigenvalue curve.

5.3. CNN Recognition Result

CNN identified the eigenvalues of various accidents, and the result was compared
with other recognition methods (HOG+SVM, HOG+Ensemble, and HOG+KNN). Table 1
shows the simulation results. The recognition accuracy of SDP+CNN is 94.2%, the accuracy
of SDP+HOG+SVM is 89.0%, and the recognition rates of SDP+HOG+Ensemble and
SDP+HOG+KNN are 85.4% and 84.4%, respectively. According to training time, the
SDP+CNN needs 39 s, which is quite time-consuming with the highest test accuracy of
94.2% and 0.034 s for execution. The test environment was MATLAB 2020a, using an Intel®
Core™ i5-10400 CPU@2.90 GHz processor, NVIDIA GeForce GTX 1660 SUPER graphics
adapter, and Windows 10 professional 64-bit operating system.

Table 1. Test accuracy results of different methods.

Testing Method Training Time (s) Execution Time (s) Test Accuracy
SDP+CNN 39 0.034 94.2%
SDP+HOG+SVM 3.1 0.012 89.0%
SDP+HOG+Ensemble 11.3 0.062 85.4%
SDP+HOG+KNN 7.0 0.008 84.4%

Figure 9 is the confusion matrix, which shows the recognition result of power quality.
As seen, the x-axis is the fault type, and the y-axis is the predicted fault type. The numbers
of accurate recognitions and misrecognitions are denoted by the green and red grids in the
confusion matrix, respectively. The green and red values on the x-axis’ light gray grids are
the recognition accuracy and misrecognition rate of specific fault types, respectively. The
green and red values in the lower rightmost dark gray grids are the overall recognition
accuracy and misrecognition rates, respectively. The overall recognition accuracy can be
obtained by dividing the total value of green grids by the total value of green and red grids.
As shown in Figure 9, the proposed method identified 19 out of 20 test data as Interruption
and misidentified only one as Swell. Therefore, the recognition rate of Interruption is 95%.
Similarly, the recognition rates of Flicker, Harmonic, and Normal of the proposed method
are all 100%, while the Sag and Swell recognition rates are 80% and 90%, respectively.
Finally, the total recognition accuracy of 94.2% was obtained by dividing the total value of
green grids by the total value of green and red grids.
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6. Conclusions

Based on six constant fault models of power quality, this study proposed a power
quality fault recognition method based on SDP and CNN. It can effectively identify the
fault types, including voltage sag, voltage swell, voltage interruption, voltage harmonic,
and voltage flicker. First, the signals were converted by SDP and imported into the CNN for
recognition. The results indicate that the recognition rate of the proposed method reached
94.2%. The recognition accuracy was increased by almost 5% compared to other algorithms.
Additional types of power quality events, such as voltage impulse, three-phase unbalance,
and frequency drift, can be included in future research to construct power quality accident
data signals more completely.
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