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characteristics of the arc sound signal, we found that low frequency random mutation of
arc sound power resulted from unstable factors, such as splashes or short circuits,
increased the complexity and randomness of the arc sound signals. Then the arc sound sig-
nals were visualized on time-frequency interface by means of spectrogram, and it was
Arc sound signal found that the max power spectral dgnsity (PSD) distribution of spectrogram was closely
Sample entropy related to the stability of arc welding process. Moreover, a method based on sample
PSD entropy was proposed to further quantify the relation. Finally, considering the factors such
ASSE as averages of max PSD and the standard deviations of sample entropy, a compound
quantitative evaluation indicator, arc sound sample entropy (ASSE), which can avoid the
influence of different parameters on the quantitative results, was proposed, so that the sta-
bility of arc welding process can be quantitatively presented. Testing results showed that
the accuracy rate of the method was more than 90 percent.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The stability of arc welding process is an important condition for assuring the quality of welding products. For decades, a
lot of relative works were conducted to monitor the stability of welding process. Luksa et al. [1] online collected the process
signals by an experimental platform, and then analyzed the welding quality by signal variations. Hermans et al. [2] also col-
lected electrical signals during the welding process and analyzed the short circuit frequency, and then concluded that the
welding process was stable when the short circuit frequency was the same as the frequency of weld pool oscillations. Adolf-
sson et al. [3] employed a repeated sequential probability ratio test (SPRT) algorithm to detect the sudden minor changes of
weld voltage, and then concluded that it was possible to online detect changes in weld quality automatically. Though there
were relative works considering the stability of welding process, those methods could only detect some abnormal phenom-
ena during the welding process, instead of analyzing, especially quantifying the stability of a whole welding process. In addi-
tion, arc welding process is a highly nonlinear and multi-field coupled process, limited electrical signals cannot sufficiently
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present the characteristics. Hence, other signals which include abundant information of the process should be introduced to
evaluate the stability, and then to help to achieve high quality welding production.

Arc sound signals contain a large amount of information generated during arc welding process [4-6]. Skilled welders were
able to determine the stability of the welding process by means of arc sound alone. Cudina and Prezelj [7] studied the fea-
sibility of online monitoring welding quality by arc sound in Gas Metal Arc Welding(GMAW), and thought that irregular
changes of arc sounds were the reaction of the unstability of welding process. Liu et al. [6] extracted the arc sound features
from four typical weld penetration statuses and analyzed the relation between weld penetration statuses and arc sound
characteristics. Pal et al. [8] acquired current, voltage and arc sound signals synchronously and analyzed the correlation
between electrical signals and arc sound signals in terms of time-domain and frequency-domain. Grad et al. [9] thought that
the irregular of arc sound signal reflected the unstability of welding process. Hence, the arc sound signal is closely relative to
the stability of arc welding process, and it can be employed to evaluate the stability of the process.

For decades, arc sound signals were usually described by time-domain, frequency spectrogram and power spectrogram. In
such a case, the relation between time, frequency and power spectral density cannot be simultaneously presented and
employed. Saini and Floyd [10] monitored weld quality online by kinds of indicators in time-domain and frequency-
domain of the arc sound, and then proposed that the advantages of time-domain and frequency-domain should be com-
bined, since the two analyses had their own advantages and disadvantages, no one could sufficiently show the signal char-
acteristics alone.

Under this circumstance, sound spectrum analysis technology was developed. A spectrogram, or sonogram, is a visual
technology, which can be employed to represent the variations of sound or other signals with time or other selected vari-
ables. In this work, spectrogram, which is also the sound spectrum figure, is a colorful plane figure obtained from spectral
decomposition for sound signals. In the figure, time is in the x-axis, while frequency is in the y-axis, and each value of pixel
denotes the power spectral density (PSD) of the signal at designated time and frequency. The information of signal stability
could be obtained via sound spectrum analysis technology, due to varying information of the power spectral density and
frequency waveform can be observed from the figure.

The spectrogram is one of the best-known time-frequency distributions suitable for analyzing signals whose power varies
both in time and frequency. It was commonly employed to phonetically identify spoken words [11,12], or analyze various
callings of animals [13]. Also, this tool was used extensively in the development of polyphonic piano transcription [14],
sonar, radar, and speech processing [15,16], and so on.

According to corresponding researches and applications, it is feasible to employ the sound spectrum analysis technology
to analyze the arc sound signal, and then obtain the information about stability during the process. However, due to the
information in sound spectrum figure is in pixel form, and the information acquisition is determined by analyses’ experi-
ences and interpretation standards, large errors may be obtained during the process. In addition, the figure information
obtained may have low repeatability, so that it is hard to analyze and after-treatment. These disadvantages seriously restrict
the application of arc sound spectrum analyzing technology.

Entropy is a mathematical variable which can describe the stability of a system. It is extensively used to calculate phe-
nomena of system disorder, that is, the degree of confusion of a system. Approximate entropy is proposed by Pincus et al.
[17] to overcome the difficulty in solving the entropy in chaos. Approximate entropy is mainly employed to measure the
probability of new model generated in the signal. The more complex the sequence, the greater the probability of generating
a new model and the corresponding approximate entropy [18,19]. Approximate entropy was initially developed to analyze
medical data, such as heart rate [18], and later its applications were spread to other areas, such as finance [20], psychology
[21], and human factors engineering [22].

Recently, researchers have made some welding process stability studies by means of approximate entropy. Tolle et al.
[23] found that the approximate entropy of arc voltage increased with the increasing of wire feed speed in GMAW. Cao
et al. [24,25] proposed that approximate entropy can be used to quantify arc and welding process stability in short-
circuiting GMAW. Nie et al. [26] used neural network to predict the approximate entropy of pulsed metal inert gas(MIG)
welding of aluminum alloy and achieved good results. Zhang et al. [27] evaluated the effect of adaptive control by approx-
imate entropy and thought that the smaller the approximate entropy, the better the adaptive control. The work showed that
the approximate entropy and stability of welding signals have a certain relation but relatively poor consistency due to effects
of data length and embedding dimension. Richman et al. [28] proposed a new time-series complexity measuring method on
the basis of comparison between approximate entropy and sample entropy, and then concluded that the sample entropy can
achieve better consistency and accuracy with faster computing speed than that of approximate entropy, because sample
entropy excludes self-match values, and reduces approximate entropy errors.

So far, arc sound detections and corresponding researches were in analyzing stage instead of actual application, and the
researches focused on exploring the arc sound characteristics and the relation between arc sound and welding quality. There
was little work which employed the arc sound to quantitatively analyze the stability of welding process. Under this circum-
stance, at first, we collected the original arc sound signal by proposed experimental platform and processed the data using
wavelet packet filtering tool, and then analyzed the corresponding sound spectrum figure using the sample entropy algo-
rithm. Finally, the stability information of arc welding process can be quantitatively collected. In this work, we aim to explore
a new method and design the quantitative indicators of evaluating arc sound stability of welding process by spectrogram and
sample entropy. The work can achieve the goal that the stability of arc welding process can be effectively quantified.
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2. Arc sound signals pretreatment and characteristics analysis

In this work, arc sound signals were collected by our self-developed synchronous multi-information acquisition device
[29], the sensor employed AWA 14,423 sound conducting apparatus, which was an industrial sound sensor. Its resolution
was 50 mV/Pa, the frequency response was between 10 Hz and 20 kHz and the dynamic range was between 20 dB and
140 dB. The actual sampling frequency in this work was 44.1 kHz. In this device, a self-developed welding inverter was
employed for double wire pulsed MIG welding. Q235 steel with thickness of 8.0 mm was used as bead on plate welds. Weld-
ing wire was HO8Mn2Si with 1.0 mm of diameter. The shielding gas was pure argon with 15L/min of flow rate. The inte-
grated experimental platform was shown in Fig. 1.

Arc sound signal was shown in Fig. 2(a). Because various noises were included in the signal, it was difficult to distinguish
the pure signals characteristics from the integrated information. To reduce the noises, the collected arc sound signals were
pretreated by wavelet packet threshold filtering. According to arc sound signal characteristics, the threshold was adjusted to
an appropriate size to make noise as few as possible for further processing.

Pretreated signals by wavelet packet threshold filtering were shown in Fig. 2(b). It could be found that the most noises
were eliminated after wavelet packet pretreatment. Signals were significantly clearer than before. It can be found that the
voltage amplitude in Fig. 2(b) was lower than that in Fig. 2(a). Between 0.28 s and 0.9 s, the voltage amplitude of original
signal in Fig. 2(a) varied from —0.4 V to 0.4V, while the variation range was from —0.3 V to 0.3 V in Fig. 2(b). In addition,
there were significant changes occurred at between 0.2 s and 0.22 s, as well as at 0.9 s, and these characteristic changes were
much clearer in Fig. 2(b) than that in Fig. 2(a). Interferences nearby 0.1 s, 0.22 s and 0.9 s had been saved. After listened to the
noise-reduced arc sounds, it could be found that the sounds were clearer, and “poop” sounds while splashing were still
retained, which showed that the signal characteristics were well preserved after noise reduction by wavelet packet threshold
filtering.

The power spectrum density(PSD) represented on a logarithmic scale was obtained after Fast Fourier Transform(FFT) for
arc sound signals [30,31], as shown in Fig. 2(c). It could be seen that arc sound frequencies were generally less than 4000 Hz,
and the most power was concentrated within the frequency range from 0 and 2000 Hz. The power per hertz above 2000 Hz
was quickly lowered.

In order to cope with the situation that the limitation of traditional analysis can only be used in the time-domain and
frequency-domain occasions, signals were windowed to determine the overall spectrum variation with time by Short-
Time Fourier Transform (STFT). Since stability analysis of the welding process focuses on splash and other factors, the time
resolution is very important. Hamming window [32] was chosen in this work, whose length N was 201.

After STFT for the arc sound signals shown in Fig. 2(a), the result was shown in Fig. 3, which was a three-dimensional (3D)
figure. The peaks represented signal voltage mutation, meaning that the splashes occurred under the designated frequency
and time. The first remarkable splash occurred between 0.05-0.1 s, and the corresponding frequency center was 1400 Hz, the
peak amplitude of signal voltage was around 0.25-0.3 V, while the second large splash appeared at 0.22 s, which was con-
sistent with Fig. 2(a); the arc sound was relatively stable between 0.4 s and 0.8 s, and no peak appeared during this time,
moreover, the corresponding voltage was about 0.1V or less. In addition, there were few peaks occurred around 0.9 s, the
voltage amplitude might about 0.2 V.

The corresponding spectrograms of arc sound signals in Fig. 2(a) were shown in Fig. 4. The x-axis denoted the time, while
the y-axis denoted the frequency, and each pixel denoted PSD of the signal at designated time and frequency. Hence, any PSD
changes lead the color to correspondingly change. As shown from the color bar, the deeper the color, the higher the PSD of
the point. As can be seen from the figure, the frequencies of higher PSD were mainly concentrated within 2000 Hz, in less
than 0.2 s, there were some messy high PSD distributions, which meant that there might be more uncertain noises during
this time. The PSD distribution between 0.4 s and 0.8 s was uniform and regular, and then the corresponding colors were
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Fig. 4. Spectrogram of the arc sound signal.

consistent. Darker colors appeared at 0.9 s and it meant that few high PSD distributions might exist during this time. Spec-
trogram analysis results were consistent with the actual situations. It meant that the stability of arc sound signals could be
studied by analyzing PSD variation of the spectrogram.
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When the welding process is stable, arc sound is gentle, and the corresponding arc sound waveform is regular, in the
meanwhile, the max PSD has few changes and shows strong regularity on the time-frequency interface. When the welding
process is unstable, the arc sound is intermittent and mixed with “poop” sounds brought by splashes and short circuits.
Correspondingly, in the spectrogram, the max PSD denotes larger change appearing. More unstable the arc sound signals,
more changes and irregular of max PSD can be observed.

3. Max PSD sample entropy evaluation method

According to the analysis of arc sound spectrogram, it could be seen that the regularity of max PSD in the time-frequency
interface was directly related to the stability of arc welding process. More unstable welding process means more disorder
distribution of max PSD. Entropy is a criterion which can be employed to represent the level of disorder. In this work, a
new method which employs the sample entropy of arc sound max PSD distribution is proposed to evaluate the stability
of arc welding process.

In this method, max PSD line in the arc sound spectrogram can be first calculated. The max PSD line, is a line which con-
nects each max PSD point at each time interval in the time-frequency interface in the employed arc sound spectrogram. Then
the corresponding coordinate and PSD value in each point in the max PSD sequence can be analyzed by sample entropy
method, and the degrees of their disorders can be obtained. Finally, the arc welding process stability can be evaluated using
our proposed evaluation criterion.

The detailed calculation procedures can be summarized as follows:

Step 1: Sampling all the arc sound signals during the welding process using the platform;

Step 2: Pretreating all the arc sound data, using wavelet packet filtering tool to exclude the noises;

Step 3: Plotting the spectrogram of arc sound signals, and obtaining the relation between time, frequency and PSD;
Step 4: Calculating the max PSD at each time interval by means of mathematically comparing the PSD values in the spec-
trogram, and then confirming the corresponding time and frequency, obtaining the max PSD line in the time-frequency
interface, and then the max PSD values sequence can be obtained;

Step 5: To reduce the effect of the difference of amplitude variations on the quantitative results, average of max PSD
values can be introduced, and then the max PSD values sequence in Step 4 can be calculated. The following equation
can describe this procedure:

N
P, = Pax(i)/N, (1)
i-1
where Pp,q(i) denotes the max PSD value at each point, N is the number of the sequence, Pm,, is the average of max PSD
values sequence.
Step 6: Calculating the sample entropy of max PSD [33] as follows:
A data sequence P(i) based on Pmy,, is built as follows:

P(l) = Lmax(i) *Pmuv-, (2)
where L,qxi) represents the corresponding PSD of each point of the max PSD line, i=1, 2, ... N. Then according to the
method mentioned in Lake et al's work [33], the sample entropy of max PSD can be calculated as follows:

Psqgn = SampEn(P, m,r,N), (3)

where Py, is the sample entropy of max PSD for the data sequence P in Eq. (2), m, r are respectively the dimension of
vector and threshold for calculating the sample entropy, SampEn(P,m,r,N) is a proposed function by ourselves used in Mat-
lab, the detailed mathematical description was included in our previous works [34,35].

Step 7: Calculating the standard deviation of PSD sample entropy as follows:

Pas = /S0 (Psaen(i) — Pma)?/(n — 1), 4)

where Py, denotes the standard deviation of PSD sample entropy.
Step 8: Calculating the arc sound sample entropy (ASSE) as follows:
ASSE = Psgen X Pyta. ()

ASSE is a proposed evaluation criterion, because Psqg, and Py have the similar variation tendency, their product can have
more significant effect on evaluation.After obtaining the value of ASSE, the stabilities of different arc sound signals can be
obtained by comparing their corresponding ASSEs.

4. Experiments and analyses

To testify the effect of evaluating the stability of arc sound signals by means of the max PSD of arc sound spectrogram,
according to the operational characteristics of arc welding, four arc sound signals, which had the same operational
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Fig. 5. Key current parameters during the experiments.

parameters but different speeds of wire feed, were chosen to do further analysis and calculation. Under this circumstance,
the stabilities of the four sample signals were different. All of these four samples were collected by the platform shown in
Fig. 1. To conveniently make analysis and assure the consistency of the results, the signals in between 0 to 1 s after arcing
were selected. Then the data would be processed by wavelet packet toolbox in Matlab 2013a.

During the experiments, there were many key current parameters to be set, such as peak current of leading wire (I;), base
current of leading wire (I,;), peak current of trailing wire (I,7), base current of trailing wire (Ir), peak time of leading wire
(Tp1), base time of leading wire (Ty;), peak time of trailing wire (T,r), base time of trailing wire (Tyr). Their detailed physical
description can be shown in Fig. 5.

In addition, leading wire feed speed (Vi) and trailing wire feed speed (Vi) were also key parameters actually. Table 1
shows the corresponding values of these 10 key parameters for the four samples.

In Fig. 6 which shows the Sample 1, the amplitude of the voltage variation was very large during the process, especially at
some significant stages, such as around 0.2 s, 0.4 s and 0.6 s. The most significant variation appeared from 0.85s to 1 s.

The corresponding 3D figure after processed by STFT could be shown in Fig. 7. The peaks in the figure indicated sudden
change of voltage of arc sound signal. The peak randomly appeared, and the voltage had large variation, which denoted that
the signal was unstable with large mutation. The largest amplitude of the variation could approach 0.6 V. The whole signal
had fierce variation with many mutations which were beyond 0.2 V. In addition, peaks appeared around 0.2 s, 0.4 s, 0.6 s and
0.85 s, which corresponded to what was shown in Fig. 6.

In Fig. 8 which showed the Sample 2, the amplitude increased stage by stage, which meant that the PSD of arc sound was
not uniform. The voltage of the signal increased around 0.25 s and 0.6 s, whose amplitudes achieved about 0.4V. In summary
of this figure, the voltage variation was not steady with some significant fluctuations.

Table 1
The values of parameters of the four samples used in the experiments.
Parameter Samplel Sample2 Sample3 Sample4
Iy 230.00 200.00 360.00 320.00
Iy 130.00 58.00 91.00 88.00
Ior 310.00 210.00 235.00 308.00
Ivr 140.00 115.00 128.00 75.00
TpL 3.70 3.50 3.70 3.50
Tpr 9.00 8.80 5.10 13.00
Tpr 3.70 3.50 3.70 3.50
Tor 9.00 8.80 5.10 13.00
Vi 6.74 6.29 11.35 7.81
Vwr 8.15 6.02 10.03 10.02
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Fig. 6. Arc sound waveform figure of Sample 1 after wavelet packet filtering.
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Fig. 9. 3D figure of Sample 2 after STFT processing.

Fig. 9 was the corresponding 3D figure after STFT processing. It can be found that this signal was more stable than that of
Sample 1. The large mutations only appeared around 0.25 s and 0.6 s, with below 0.4 V of amplitude, and others were below
0.2V.

In Fig. 10 which showed the Sample 3, the PSD change was also gentle, only a small voltage variation appeared around
0.9s.
Fig. 11 was the corresponding 3D figure after STFT processing. This signal was more stable. According to the figure, major-

ity of the voltage variations were below 0.08V, and no large variation appeared. Only one PSD mutation occurred around
0.9 s, with only about 0.12V of amplitude.



386 P. Yao et al. / Mechanical Systems and Signal Processing 92 (2017) 379-390

0.6
7 1 A

2 i el |
ol “““\““M“\\“H“‘ il i Wl o i

0 17 LAMLLLE 4 L B R IA A L  SSS  ILLB J LL
s A
-0.6

0

Voltage (V)

Time (s)

Fig. 10. Arc sound waveform figure of Sample 3 after wavelet packet filtering.

1500

1000

Frequency (Hz) Tims (s)

Fig. 11. 3D figure of Sample 3 after STFT processing.

0.6 T T T T

0af- o oo e e
S o2f-— - e P L L
(0] I (
E 0 [l ‘\‘\ i ‘\‘ i \“ (A “‘ “ ‘\ \“ il \“ ‘\‘ “ :‘\ \“ o l H ”\ U‘ ‘d \‘; il i ‘\‘ \‘ H‘ il \‘ U:L H il H‘ i H‘ 3 \“ Il |
O -0.2f---------q-- -SR-S R R uE AL L Rt
S 02 ! ! ! !

04p--mmmmoo- Ha pTtts Ha Pttt

0 0.2 0.4 0.6 0.8 1
Time (s)

Fi

g. 12. Arc sound waveform figure of Sample 4 after wavelet packet filtering.

Fig. 12 showed the waveform of the Sample 4, the amplitude of arc sound was relative small, which meant that no large
PSD change occurred. During the process, the sound was so gentle and no “poop” appeared. In the meanwhile, the voltage
variation was gentle during all the process.

Fig. 13 was the corresponding 3D figure after STFT processing. It can be observed that this signal was the most stable one.
The amplitude surface was approximately a plane. All of the amplitudes were below 0.06 V, without significant mutation.
The voltage had small variation, which denoted the signal was stable with gentle sound.

According to the above figures and corresponding analyses, it could be clearly found that the stabilities of arc sound
signals were better by better from Samplel to Sample 4.

The arc sound spectrograms of four samples were shown in Figs. 14-17. The white lines denote the max PSD lines, while
blue points denote the max PSD points at the designated time and frequency.

It can be seen that the max PSD lines in Fig. 14 was much more irregular, and with large amplitude changes. While the
lines in Fig. 15 was irregular, but the amplitude variation was less than that in Fig. 14; the max PSDs in Figs. 16 and 17 were
more regular with large variation ranges. The variation range in Fig. 16 was a little larger than that in Fig. 17, and around
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Fig. 15. Arc sound spectrograms and max PSD line of sample 2.

0.9 s, it was significant that the color was dark, which denoted that the PSD was very large. This phenomenon corresponded
to the peak at 0.9 s shown in Fig. 11. Hence, according to these analyses, the stability of the welding process can be roughly
deduced, however, the detailed qualitatively description cannot be obtained in this stage.

In addition, to significantly compare the four signals, four max PSD lines can be plotted together shown in Fig. 18.

According to Fig. 18, the, max PSD of Sample 1 was larger with random peaks appearing, such as around 0.1 s,0.24 5,04 s,
0.7 s and 0.8 s, and the max PSD variation was so irregular. The variation of max PSD of Sample 2 was relatively regular, how-
ever, its variation was very random with some mutations. The max PSD of Sample 3 was regular, and its variation was less
than that in preceding two samples, moreover, no significant mutation appeared. The max PSD of Sample 4 was more reg-
ular, only small max PSD variation appeared around 0.34 s, 0.38 s and 0.56 s. However, the variation lasted short duration
and the phenomena were not clear. In summary, from this figure, it can be observed that the stability of Sample 1 was
the worst, the stability of Sample 2 was only better than that of Sample 1, while the Sample 4 had the best stability. It
can be concluded that the stability of different samples can be obtained according to analyze the corresponding max PSD
lines. Then to obtain more reliable stability analyzing results, the method proposed in Section 3 can be employed as follows.
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Fig. 18. Max PSD lines of four samples.

Sample entropy calculation requires determining three parameters: m, r and N. Different sample entropies correspond to
different m and r. Lake et al. [33] thought the sample entropy distribution was normal when m was smaller and r was larger,
and small amount of lost data points did not affect the entropy calculation. After several times’ trials, we selected m =2,
r=0.002, N =30 for calculation, and the results are shown in Table 2.

According to the calculations shown in Table 2, there were little difference in the averages of max PSDs between Signal 1
and Signal 2, but Ps,g, and Psy of Signal 1 were about twice of those of Signal 2, which showed that there were more disorders
and complexities in Signal 1 than that in Signal 2. The Pm,,s of Sample 3 and Sample 4 had little difference, and those values
were significantly lower than those of Sample 1 and Sample 2. However, the sample entropy(Psqg,) of Sample 3 was signif-
icantly larger than that of Sample 4, it was because that the larger PSD variation around 0.6 s of Sample 3 made the entire

Table 2
Sample entropy evaluation results.
Sample No Pmgy Psan Psea ASSE
1 2.3930e-05 1.0664 0.0096 0.0102
2 1.6762e—05 0.5388 0.0038 0.0021
3 4.8966e—06 0.4977 0.0018 8.7177e-04
4 5.1393e-06 0.1028 0.0011 1.0930e—04
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Fig. 19. Scatter of sample ASSE calculation for 100 samples.

sample entropy largely changed, and it also lead to the standard deviation of spectrogram PSD sample entropy(Ps;s) of Sam-
ple 3 was larger than that of Sample 4. The waveform variation of Sample 4 was gentle, and the variation amplitude of max
PSD was very small, moreover, the corresponding Psqe, and Psy were relatively small. In addition, according to the corre-
sponding values of ASSE, which directly showed the stability of arc sound, those values clearly showed the stability of weld-
ing process of these four samples were better by better.

According to above analyses, our proposed spectrogram PSD sample entropy method can be effectively employed to ana-
lyze the stability of arc sound signal, which can also be extensively used to analyze the stability of arc welding process. The
reliable and convinced quantitative results can be obtained. To further testify the effectiveness of this method, more exper-
iments were conducted. We collected 100 different arc sound signals, and then used the knowledge of stability of electrical
signals, observation of welding process, quality of welding seams, to accomplish the evaluation of process stability. There
were 19 unstable samples, 47 ordinary samples and 34 stable samples, respectively. Then the above method was employed
for these samples, and each spectrogram PSD sample entropy can be correspondingly obtained.

After obtained the spectrogram PSD sample entropy of each sample, according to rule of ASSE results, three different
zones were divided. When ASSEs were below 0.002, it meant that corresponding samples were stable. When ASSEs were
below 0.01 and equal to or above 0.002, it meant samples were ordinary. When ASSEs were above or equal to 0.01, it meant
samples were unstable. Then the scatter for 100 samples was shown in Fig. 19.

It can be seen that the distribution of ASSE followed expectance, only 10 values were not in the corresponding zones.
Hence, this conclusion denoted that the accuracy rate could reach 90%. Meanwhile, it can be found that the deviation of those
10 values were very small, which meant that the reliability of this method was very high.

5. Conclusion and future work

This work proposed a method of employing arc sound spectrogram to analyze the arc sound stability, and then the sta-
bility of arc welding process can be quantitatively evaluated. Corresponding experiments were conducted to verify the effec-
tiveness of the method and algorithm. After collected the arc sound signals, the original signals were processed by STFT, and
the relation between max PSD after wavelet packet filtering and stability were analyzed. It can be found that the amplitude
of variation and frequency of max PSD were directly relative to the arc sound stability.

Then the max PSD value for each time interval could be calculated, and the corresponding max PSD line could be
obtained. A sample entropy evaluation method for arc sound stability was designed based on the irregularity of the max
PSD line. The experimental results showed that this method excluded the effect of operational parameters on arc sound,
and made the difference of evaluating result for the stability of arc welding process much clearer. Satisfactory effects were
obtained in many experiments. Hence, employing this method to evaluate the stability of welding process can achieve
expected performance, and this work can improve the research of stability and quality evaluation during arc welding
process.

In future work, we will further improve the evaluation model. In addition, more reasonable divisions of ASSE values zones
for different stabilities will be conducted, so as to provide services for application of intelligent control algorithm in arc weld-
ing production.
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