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Feature extraction of gear fault signal based
on Sobel operator and WHT
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Abstract. Taking Wigner-Ville distribution of gear fault signal as a picture, Sobel operator was applied for edge detection of
picture and then Hough transform was used to extract signal feature. Some simulated and measured signals have been processed
to demonstrate the effectiveness of new method, which was compared with traditional Wigner-Hough transform and SPWD-
Hough transform. The results show that the proposed method can suppress cross term which is produced from using Wigner-Ville
distribution to analyze multi-component signal, especially under the condition of low signal to noise ratio. The improved Wigner-
Hough transform can effectively suppress the influence of noise and has a good real-time performance because its algorithm is
fast. The proposed method provides an effective method to determine the state of gear accurately.
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1. Introduction

Because time-frequency analysis can locate information both in time domain and frequency domain, it has be-
come a main tool for processing non-stationary signal and is commonly used in equipment fault diagnosis, such
as wavelet analysis, WVD (Wigner-Ville distribution) and recently-developed Hilbert-Huang transform. These have
been applied widely in equipment fault diagnosis field [1–4]. In literature [5], time-frequency spectrum was taken
as 2-d image and Hough transform was applied for further fault diagnosis. Wigner-Hough transform was researched
by using state recognition of rolling bearing to confirm its effect. But in lower SNR (signal to noise ratio), Wigner-
Hough transform will be submerged by noise and it is hard to finish the extraction of signal feature. The author
proposed an improved WHT (Wigner-Hough transform) based on Sobel filter operator. Before using Hough trans-
form, edge detection of time-frequency distribution firstly was applied for fault signal to reduce noise influence,
followed by use of Hough transform and to extract the feature of fault signal rapidly. Results show that method
proposed in this paper can not only accurately extract fault signal features even in low SNR but its operation speed
is faster than that of WVD in the same conditions.
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2. Wigner-Hough transform

2.1. Hough transform

Hough transform was mainly used to detect straight line. Its principle was shown in Fig. 1 [6,7]. In plane (x, y),
straight line L can be represented as in the following equation.

ρ = x cos θ + y sin θ, 0 � θ � π (1)

Equation (1) is a polar coordinate equation for line L. ρ represents the distance from line to origin. θ is the
angle between x axis and the vertical. Through the mapping of Eq. (1), each point in panel (x, y) corresponds to
a sine curve in parameter space (ρ, θ) where the curve corresponding to each points in line L will converge at one
point, whose coordinate corresponds to parameters of L. In (ρ, θ) parameters space, a peak will form in the place of
intersection through integral operation. By applying Hough transform, line detection in (x, y) is converted into peak
detection in parameters space.

2.2. Wigner-Hough transform

WVD is a bilinear time-frequency distribution, with extensive application. WVD of signal S(t) is defined as

WVD(t, ω) =
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WVD has a good time-frequency gathered degree when it is applied to single component signal, which is from
linear frequency modulation. While WVD is a bilinear method, when it is used to analyze multi-component signal,
the cross terms brought by WVD will affect the detection of real signal In order to solve the problem of cross terms
occurring in Wigner distribution of multi-component signal, Wigner-Hough transform is improved by combining
the technology of signal processing and the method of image processing. The improved method will be used for
signal detection to suppress the interference of cross terms. In the time-frequency plane, the WVD of signal S(t)
concentrates in a straight line. The equation is defined as: v = f+ gt. So, the Wigner-Hough transform of analytical
signal S(t) was [7–10].
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Translated to polar form as shown in Fig. 1, expression for
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Equation (4) indicates that if S(t) is a linear frequency modulation signal taken f and g as parameters, then
integral value of S(t) reaches the maximum. f = ρ/ sin θ, g = tan θ. When parameters deviate from f and g,
integral value will diminish rapidly. So for certain linear frequency modulation signal, peak will appear in the
corresponding parameters (f, g) after applying WHT. And cross terms will be weakened through integral [9,11,12].
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Table 1
Run-time comparison of three methods

Sampling WHT PWV-Hough Improved WHT
points SNR/dB Running SNR/dB Running SNR/dB Running

time/s time/s time/s

216

−20 2.564 −20 2.137 −20 0.048
−10 2.514 −10 1.802 −10 0.031

0 1.883 0 1.173 0 0.023
10 0.791 10 0.431 10 0.017
20 0.381 20 0.221 20 0.013 Fig. 1. Hough transform schematic.

2.3. Sobel operator

Sobel operator was a form of filtering operator which can achieve high effectivity using fast convolution function
to extract image edge. For digital image {f(i, j)}, Sobel operators were defined as [6,13]:

A(i, j) = |f(i− 1, j − 1) + 2f(i− 1, j)

+f(i− 1, j + 1)]− [f(i+ 1, j − 1)

+2f(i+ 1, j) + f(i+ 1, j + 1)]| (5)

B(i, j) = |f(i− 1, j − 1) + 2f(i, j − 1)

+f(i+ 1, j − 1)]− [f(i− 1, j + 1)

+2f(i, j + 1) + f(i+ 1, j + 1)]| (6)

Where, S(i, j) = max(A(i, j), B(i, j) or S(i, j) = A(i, j) + B(i, j). A is used to detect horizontal edges and
B is used to detect vertical edges. Elements of the expression above are corresponding weighted factor. Selecting
proper threshold η and the following judgment will be: if S(i, j) > η, then (i, j) was the edge point, {S(i, j)} was
the edged image. This edged image usually cannot be used directly because of data overflow, but the image is usually
determined by its edge point and background. So it was binary image. Image edge obtained by using Sobel operator
directly was rough and needed refining. In order to get refined edge detection, improved Sobel operator [14] was
proposed in this paper. The maximum inhibition used in Canny edge detection algorithm and connection operation
theory used in morphological were introduced into Sobel operator. The algorithm and specific steps can be seen in
literature [6].

2.4. Methods and steps

So far we have given completed steps for extracting feature of gear fault signal based on Sobel operator and
Wigner-Hough transform. They are as follows:

(1) Inputting vibrated signal;
(2) Calculating to obtain a Wigner-Ville distribution of signal;
(3) Taking Wigner-Ville distribution as image and using Sobel operator to complete edge detection;
(4) Extracting feature of fault signal by Hough transform.

3. Simulation

To prove the validity of this method, simulated signal of gear fault was firstly analyzed. According to the charac-
teristics of gear fault signal, simulation signal was set as [15]:

x(t) =

H∑
k=1

Xk[1 + dk(t)] cos[2πkzfzt+ φk + bk(t)] + i(t); k = 1, 2, . . . , H (7)
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Fig. 2. Feature extraction of simulated signal with different SNR using 3 kinds of method (a) SNR = 10 dB (b) SNR = 0 dB (c) SNR = −10 dB.

Xk was amplitude of the k order harmonic component of meshing frequency. H was the number of polynomial
terms in Eq. (7). ϕk was the initial phase of k order harmonic component of meshing frequency, fz was pivot
frequency, z was the number of teeth gears. dk(t) and bk(t) were modulation function of amplitude and phase. When
gear have partial fault, the meshing was put into gear with axis every turn. So dk(t) and bk(t) were periodic function
with rotational frequency of fz and its harmonics as repeated frequency, i(t) was noise function.In simulation signal
Eq. (7) as follows: H = 2, X = 1.0, X2 = 0.4, d1(t) = 0.2 sin(2πfzt), d2(t) = 0.2 sin(4πfzt), b1(t) =
0.2 sin(2πfzt), b2(t) = 0.2 sin(4πfzt), ϕ1 = ϕ2 = π/6, z = 18, fz = 20 Hz. The sampling frequency was
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Fig. 2. (continued)

4096 Hz and sampling points were 1000. As given in Fig. 2, simulation signal was compared respectively, with
SNR 0 dB, 10 dB and −10 dB. WHT, SPWD-Hough transform and improved WHT transform were applied to gain
feature extraction of simulated signal.

It can be seen from Figs 2(a) and (b) that under condition of high SNR (SNR = 10 dB, 0 dB), three methods can get
correct characteristics of two FM signals, however, they also exhibit some obvious differences: (1) Due to the cross
terms, burr was more by directly using WHT to extract feature; (2) SPWD-Hough transform is better to extract burr,
but agglomeration was lowered somewhat; (3) Extraction map, got from improved WHT transform, made feature
of two simulated signals shown clearly. The accuracy and aggregation were better than that of other two methods.
By applying Hough transform, line detection of time-frequency distribution is converted into peak detection in
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Fig. 3. Comprehensive fault simulation test bench. Fig. 4. Gears fault signal.

Fig. 5. Frequency signature of gears fault signal (a) Fourier spectrum (b) Envelope of the signal after processed by proposed method.

parameters space (ρ, θ).From the bottom picture of Figs 2(a) and (b), peaks of kinds of frequency component
(including their harmonics or modulation frequencies) can be extracted clearly and its accuracy is high. According
to Eq. (1), the corresponding frequency of each peak can be calculated (including 20 Hz and its harmonics, 360 Hz,
720 Hz and their modulation frequencies).

Figure 2(c) showed the results in low SNR (SNR = − 10 dB). It was shown in the top picture of Fig. 2(c) that
the effect of cross terms and noise made it unlikely to get basic characteristics of signal by directly using WHT
and there are many false peaks. Results were shown in the middle picture of Fig. 2(c), using Hough transforms to
extract features after applying SPWD to signal. Although cross terms were largely inhibited by SPWD, this method
still is unable to identify signal characteristics because noise was relatively large. By using method proposed in this
paper, we firstly applied WVD and then used improved Sobel operator to detect edge, lastly used Hough transform
to extract straight line. The results were shown in the bottom picture of Fig. 2(c). Compared the bottom picture of
Fig. 2(c) with the bottom picture of Fig. 2(a), it can be seen that the effect of the former is not as good as that of
the latter. But even in weak SNR, the two impacts can obviously be seen. Thus this method can effectively restrain
interference of cross terms in WVD and was also reliable even in low SNR.

In this paper, comparisons were made towards different SNR in Table 1. It can be seen that under circumstances of
same data length and same SNR, computing time of WHT was shortened greatly by using improved Sobel operator
to test edge and efficiency is improved by nearly 2 orders of magnitude. For example, SNR dropped from 20 dB to
−20 dB, direct running time of WHT increased from 0.381 s to 2.564 s. But running time of WHT after filtering
by applying improved Sobel operator was increased from 0.013 s to 0.048 s. The calculation speed was greatly
improved and speed change range was very small by improved method. It was clear that the improved WHT method
was very suitable for real-time feature extraction of fault signal even in large amount of data and low SNR.
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Fig. 6. Feature extraction of gears fault signal (a) Based on WHT (b) Based on the improved WHT (c) Feature extraction before adding a small
crack.

4. Experiment research

To further prove the effectiveness of feature extraction, fault gear with root crack was analyzed. Gear fault diagno-
sis test was implemented by using the comprehensive fault simulation test bench (MFS-MG). The test bench is com-
posed of motor, a mechanical transmission device, sensor, the hardware circuit, computer and related software. Test
bench was shown in Fig. 3. The number of teeth of driving wheel is z1 = 10, motor speed is fr1 = 720 r/min.The
number of teeth of driven wheel gear is z2 = 15, module is m = 2 mm, rotating frequency of gear axis is
fr2 = 480 r/min, meshing frequency is fz = 120 Hz and sampling frequency is 1 kHz. A gear with defects has been
considered and we have added a small crack to one gear. In the gear, a small groove, with 0.1 mm width and 3 mm
deep, was processed to simulate tooth crack. The time-domain waveform of gearbox vibration signal was shown
in Fig. 4, from which it can be found that cyclical pulse signal was almost submerged in the strong background
noise. Fourier spectrum of fault signal was shown in the Fig. 5(a). Obviously, interference brought great difficulties
to extract fault signal feature.

Figure 6 showed feature extraction using the WHT and improved WHT and described the effect to add a crack
to worn gears. In Fig. 6(a), because of the influence of noise and cross terms, burr was much and its amplitude is
larger when directly using WHT to extract feature which affected fault diagnosis seriously. Figure 6(b) was feature
extraction figure using improved WHT transform. The results, from before adding a small crack to one gear, have
been presented in Fig. 6(c) for comparison. In the polar coordinate (ρ, θ) parameters space, the peak corresponding
frequency(including 8 Hz, the wheel frequency, the harmonics of the gear mesh frequency (240, 360 Hz) and their
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modulation frequencies around them)can be seen in the Fig. 6(b). Figure 5(b) showed the envelope of the signal after
processed by proposed method. Obviously, Figs 5(b) and 6(c) clearly indicated the characteristics of fault signal and
it provided further conditions for fault diagnosis. It confirmed that this method can effectively extract gear fault
feature in low noise ratio.

5. Conclusions

According to the facts that the different components of signal have different distribution characteristics in the
time-frequency plane, we can achieve the goal of parameter extraction using Hough transform. In the time-frequency
plane, real signal energy is concentrated in the corresponding frequency line and is always positive. After applying
Hough transformation, a sharp peak will be formed in the parameter space. While the amplitude of cross terms
alternates positive or negative. After applying Hough transformation, the forming peak is very small. Noise and
interference has a random and dispersive distribution. The forming peak point is small and dispersed after applying
Hough transformation. For fault signal, its frequency component varies with time rule and its energy distribution is
concentrated in a straight line. Through Hough transformation, a larger peak can be formed. So, the fault signal can
be identified in the parameter space according to the difference of peak.

This method, which regards fault signal time frequency spectrum as 2 D image and uses image processing method
to conduct analysis and state recognition, was effectively verified by many literatures. Sobel operator was firstly in-
troduced to detect edge for time frequency distribution and Hough transform to extract signal features. The simula-
tion and experimental results demonstrated the effectiveness of this method. Improved WHT algorithm can restrain
cross terms produced by WVD in analyzing multi-component signal, especially in low SNR cases. Improved WHT
can better inhibit the influence of noise and the algorithm is fast calculation speed and is very suitable for feature
extraction of large quantities data and low SNR fault signal.
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