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WCZESNE WYKRYWANIE USZKODZEN PRZEKLADNI ZEBATE)J
ZWYKORZYSTANIEM SLABYCH SYGNALOW DRGAN

EARLY FAULT DETECTION OF GEARBOX USING WEAK
VIBRATION SIGNALS

Zaproponowano nowq metode wczesnego wykrywania peknieé¢ zebow przekladni zebatej polegajqcqg na analizie
stabego sygnatu drganiowego zmodulowanego niskimi czestotliwosciami. Uzyskang obwiednie zmodulowanego sygnatu
drgan wykorzystano do wyznaczenia czestotliwosci modulujqcych. Zdemodulowane czestotliwosci charakterystyczne
otrzymano za pomocq adaptacyjnej, czasowo-czestotliwosciowej reprezentacji sygnatu z obwiedni sygnatu drganiowego
wyznaczonej z wykorzystaniem transformaty Hilberta. Spektrogram adaptacyjny odzwierciedla czestotliwos¢ zazebienia
i jej harmoniczne, czestotliwosé sprzegla, czestotliwos¢ nosng oraz wstegi boczne w sygnale drganiowym poddanym
analizie z uzyciem zoptymalizowanego przeksztatcenia falkowego. Proponowang metode weryfikowano przy uzyciu
sygnatu symulowanego i rzeczywistego. Wyniki wskazujq na mozliwos¢ efektywnego zastosowania proponowanej metody
do detekcji pekniec zebow przektadni zebatej.
Stowa kluczowe: wczesne wykrywanie uszkodzen, adaptacyjna reprezentacja czasowo-czestotliwo-
Sciowa, staby zdemodulowany sygnat dran.

A new method for the early detection of the gear crack was proposed by the analysis of the weak low-frequency modulated
vibration signal. The envelope of the modulated vibration signal was extracted and used to demonstrate the modulating
frequencies. The demodulated characteristic frequencies were obtained with the adaptive joint time-frequency signal re-
presentation from the Hilbert transform envelope of the vibration signal. The adaptive spectrogram matches the meshing
frequency and its harmonics, the coupling frequency, the carrier frequency and the sidebands in the vibration signal by the
optimized wavelet. Simulated and experimental vibration signals are used to test the proposed method. The results show
the applicability and effectiveness of the proposed method for gear crack detection.

Keywords: Early Fault detection, adaptive joint time-frequency, weak demodulated vibration signal.

1. Introduction and Zuo [2] used an adaptive wavelet filter (by varying the pa-
rameters of the mother wavelet) to get the impulsive vibration
signal for gearbox crack detection. Dalpiaz et al [7] studied the
effectiveness and sensitivity of signal processing techniques for
gear fault detection, including power cepstrum, time-synchro-
nous average, and wavelet analysis.

Wavelet transform is most often used because of the feature
of time-frequency localization that is capable of exhibiting the
instantaneous frequencies of vibration signal and gives a de-
scription of how energy distribution over a range of frequencies
from one instance to another [3, 4, 6, 9, 12]. Hilbert transform
is an effective method to demodulate the vibration signal in
fault diagnosis of gear [8]. It is difficult for wavelet transform
and Hilbert transform to represent the characteristic frequen-
cies from many frequency components of the faulty gear with
visual inspection. The adaptive time-frequency method makes
the interference coincide with the main signal components to
detect the weak signals in the presence of noise, which prevents
over complication of the time-frequency plane, and which also
causes reinforcement of the pertinent signal features. This re-
search proposes a new method based on the Hilbert transform
and adaptive Gaussian wavelet for the demodulation of the gear
vibration signal. The adaptive spectrogram is applied to analyze
the vibration signal in a fine resolution. The result shows good

The analysis of vibration signals from the gearbox casing is
the most modern technique for fault detection of gearbox. The
presence and type of fault at its early stage and its evolution
are detected in order to estimate the machine’s residual life and
choose an adequate plan of maintenance [10]. The most impor-
tant components in gear vibration spectra are the tooth-meshing
frequency and its harmonics, together with sidebands due to the
modulation phenomenon. The fault condition may change the
number and the amplitude of the sidebands. The sidebands are
the frequency components equally spaced around a center fre-
quency. The center frequency called the carrier frequency is the
gear mesh frequency. The faults localized on one tooth or a few
teeth such as cracks and spalls produce modulation effects du-
ring the engagement of the fault teeth. Consequently, a large
number of sidebands around the tooth-meshing frequency and
its harmonics in the spectrum are generated and spread over
a wide range, which is spaced by the rotation frequency of the
faulty gear and characterized by low amplitudes [13]. Amplitu-
de modulation can be considered to be a feature of gear crack.
Ma and Li [5] developed a model-based demodulation scheme
to extract the information contained in wideband gear vibration
signals and reported a wideband demodulation algorithm. Lin
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performance of this adaptive wavelet and great capability to de-
tect the gear fault.

2. Adaptive wavelet analysis

The Gaussian wavelet is a popular non-orthogonal complex
wavelet. The normalized adaptive Gaussian wavelet function
is defined as:

v, (1)= (ncr; )70'25 exp[f(t -, )2/262:|€xp(j2ﬂfpt) (1)

where o, ¢, f € R, o, is the adjustable standard deviation and
determines the tradeoff between the time and frequency reso-
lution and (tp, fp ) is the time-frequency center. The adaptive
wavelet function z//p(t) can be optimally determined in the joint
time-frequency domain. The ratio of the center frequency to the
frequency bandwidth is ﬁnap fp , which is variable. Adaptive
Gaussian wavelet function can adjust its parameter to repre-
sent the signal in fine resolution. A novel joint time-frequency
algorithm based on adaptive Gaussian wavelet is adopted for
adaptive signal representation [1]. This method is to use the
adaptive normalized Gaussian functions to expand signal ¢(7)
defined as follow:

¢(t) =).B, (n’ci ) ' exp [—(t -1, )Z/ZGﬁ}exp(j%rfpt) 2)
p=1

The adaptive Gaussian basis representation can match
a signal by adjusting the time and frequency resolution and its
time-frequency center that is different from the Gabor expan-
sion and the wavelet decomposition. To characterize the time-
varying nature of the signal, the elementary function l//p(l‘) is
localized in the joint time-frequency domain and the coefticient
B reflects the signal local behavior. Here the parameters o,
tpand f[', are chosen such that l//p(l‘) is most similar to ¢(¢). The
parameter ¢, can be used to adjust the bandwidth of z//p(t) to best
match a variety of signals. The adaptive spectrogram (ADS) is
obtained as follows:

$,(1)=0,.(1) =B,y ,.(7) 3)
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where apeR*, tpeR*, j; €[0,+o0]. It is shown that the exponential
term in equation (4) is the WVD for a normalized Gaussian
function. The adaptive spectrogram equation can be expressed
as:
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Equation (5) shows that the energy contained in ADS(z,f) is
identical to the energy contained in the signal ¢(¢). The ADS can
be considered as a signal energy distribution in the joint time-
frequency domain. This adaptive spectrogram is non-negative,
cross-term interference free and high in resolution. The proce-
dure that is applied to obtaining the adaptive spectrogram is as
follows: Set p =1, where p is the index of iteration to extract the
optimal parameters in equation (2) from the p* signal ¢p(t).

(1) Obtaining the optimal parameters (B, }2, 1,0,) by minimizing
E_ the following section as shown in the following equa-
tion

K 2
£, =2, (1) =By, (1) ©
(2) As shown in equation (3), obtain the remaining signal ¢p+1
after subtracting the signal obtained in step 2.

(3) Letp=p+1. Return to step 2 unless the reconstructed error
EP is sufficiently small.

(4) The optimal parameters are then applied to equation (4) to
obtain the adaptive spectrogram.

The algorithm is coded in Matlab by the authors. Genetic
algorithm (GA) is used to optimize the parameters in equation
(2). For details on GA, check ref. [11]. The chromosome (C)
contains the five real numbers of the features. The features rep-
resent the four parameters of the model as shown in equation
(2). An example is shown as:

C= {01,0203,04,05} = {real(Bp),imag(Bp),fp,tp,op}

BU)
={0.003,-0.002,55,0.04,0.003}

The numbers in the chromosome represent respectively the
real part and the imaginary part of the amplitude, the center of
the frequency, the time and the standard deviation. The objec-
tive function is the sum of squared error function in equation
(6). The GA procedure is applied to obtain the next optimal
parameters again. So the results of all the optimal parameters
applied in equation (2) are the optimal signal representation of
the original signal ¢(#). The optimal parameters are also used in
equation (4) to obtain the adaptive spectrum.

3. Gearbox Experimental System

The experimental vibration signals collected from a ge-
arbox dynamics simulator of SpectraQuest are employed to
test the proposed method. Two accelerometers of model PCB
352C67 are mounted on the gearbox in both vertical and hori-
zontal directions. Through the signal conditions, the vibration
data is acquired by DSP Siglab 20-42 Signal Analyzer and Dell
Inspiration 7500 laptop. The transmission diagram of the gear-
box is shown in Figure 1. Five spur gears are installed on three
shafts. The vibration generated by the impact force between
gears 3 and 4 is in the vertical direction as shown in Figurel.
The vertical sensor can catch the vibration signal with higher
sensitivity along the vertical direction. Gear 3 is chosen to be
the one to be studied in this experiment. Figure 2 shows the
gear crack on this gear in the experiment. The crack occures
along the normal line of the tooth’s root curve. The angle of the
crack with the line a is in the range of 40°-50°. The crack angle
in the faulty gear 3 is 45°. The sampling frequency is 2.56x1k
(1k=1024). The number of data points in each sample is set at
2048. The rotational speed of the motor is 800 rpm. The load
force by the brake is half of 51.77 Nm. Based on the drive ratios
between the teeth number of teeth of the driving gear and the
teeth number of teeth of the driven gear, and rotational speed
of the drive motor, the rotational speed and the charactersitic
frequency of each gear are determined as shown in Table 1.
Here F| is the rotational speed of shaft 1 and gear 1, F, is the
rotational speed of shaft 2 and gears 2 and 3, F, is the rotational
speed of shaft 3 and 4, F , is the meshing frequency of gears 1
and 2 and F, is the meshing frequency of gears 3 and 4.
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Tab.1.  Rotational speeds and characteristic frequencies of the gears

Motor(rpm) Torque (Nm) F.(Hz) F,,(Hz) F,(Hz) F.,(Hz) F,(Hz)
800.0 51.77/2 3.17 152.38 9.52 228.57 5.71
T —
/{;m PN Gear 1(48)
Shafi
‘J‘:ﬁ‘r ) o | R1=0.3
- ' Gear 3(24)
<7 Maotor |— 1 mn .
/@r 2 'I f’{.c"4 Y L | Shaft 2
ll\ £ /;' \:& ) || me=167 |
", [ 'f- -
R __/ Gear 2(16) Shaft 3 |
Gear 3 rake
Direction of the shock Gear 4(40), | Fig. 2. The sectional area of gear tooth

Fig. 1. The diagram of the experimental system

4. Results and discussion

A simulated signal is used to test the proposed method in
Equation 8. The signal cos(27.1560¢)+cos(27.1600¢) in time in-
terval [0,0.5] is modulated by frequencies of 40 Hz and 80 Hz.
The 80 Hz frequency exists during the time period of (0, 0.099)
and (0.301, 0.5) seconds, which simulates that the modulating
frequency varies with time. Both amplitude and phase modu-
lations are considered in the simulated singal. The frequency
component (1560+40) Hz is set to equal to one of the original
signal frequency of 1600 Hz. Here Rand(t) denotes the normal-
ly distributed white noise.

x(t) = 0.7(1 + sin(SOnt))cos(3 1207t + sin(80m)) +1.5Rand (t)
(14 sin160mr)x
cos (320071 + cos (32007t + cos (320071 +sin1607t)

1=[0,0.099]
®)

cos(3200zt)  ¢=[0.1,0.3]

(1 +sin (1 607‘[[))COS (32007tt +sin (1 607':[))
+=[0.301,0.5]

The sampling frequency of the simulated signal is 4 kHz
(1k=1024). The proposed method is applied to analyze the si-
mulated signal to get the modulated signal of 40 Hz and 80
Hz frequency components. Firstly, Hilbert transform is used to
analyze the simulated signal to generate the signal envelope.
Figure 3(a) shows the spectrum of the simulated signal defined
in equation (8). There are some sidebands around the frequency
of 1600 Hz, which are 1520 Hz, 1560 Hz and 1680 Hz. It is
not clear that there is a modulated signal with 40 Hz and 80 Hz
frequency components in it. Secondly, Hilbert transform is used
to analyze the simulated signal in figure 3(a). Figure 3(b) shows
the power spectrum of the Hilbert transform signal envelope.
The signal envelope of the Hilbert transform includes the 40
Hz and 80 Hz signal components. It does not differentiate the
carrier frequencies of 1560 Hz and 1600 Hz, modulating frequ-
encies of 40 Hz and 80 Hz and the coupled frequencies.

In order to demodulate the 40 Hz and 80 Hz frequency
components from the signal envelope by Hilbert transform,
the proposed adaptive spectrogram is used to analyze the sig-
nal envelope of Hilbert transform. Figure 4 shows the adaptive
spectrogram of the signal envelope from Hilbert transform as
shown in figure 3(b). The 40 Hz and 80 Hz frequency compo-
nents can be differentiated and identified clearly, especially the
time range of the 80 Hz frequency is shown in detail, which is
the same as equation (8). The proposed method based on the
Hilbert transform and adaptive spectrogram is effective to de-
modulate the modulated frequency component of the simulated
signal.

The experimental vibration signals collected from the
gearbox dynamics simulator of SpectraQuest are used to test
the proposed method. When a gear has a local fault such as
crack, the vibration signal of the gearbox contains amplitude
and phase modulations, which are periodic with the rotational
frequency of the gear. The modulation of the meshing frequen-
cy from the faulty gear generates the sidebands. The sidebands
are either the shaft rotational speed or one of its multiples. As
described in Section 3, the gear 3 has a crack, the sidebands
on the rotational speed and its harmonics are produced as the
modulation from the gear.

In order to demodulate the sidebands generated by gears
3,4 and 5 on shafts 3, gears 4 and 5, Hilbert transform is used

Amplitudefms?)

Ampltude(ims®)

Fig. 3. (a) Spectrum of the simulated signal, (b) Spectrum of the simu-
lated signal envelope with Hilbert transform
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Fig. 4. The adaptive spectrogram of the simulated signal envelope
from Hilbert transform (a) (0,120) Hz (b) (60,100) Hz

% 100 200 300 400 500
i Frequency(Hz}
2
(5)
g
E g
2 = ]
?o.sgl‘ = = B ?g |
[ Ly ke LJ A 1, s
% 100 200 300 400 500
Fregquancy({Hz=)

Fig. 5. Power density spectrum of the Hilbert transform envelope of
the experimental vibration signals (a) the normal gearbox (b)
the faulty gearbox
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Fig. 6. The adaptive spectrogram of the experimental vibration signal
envelope from Hilbert transform under normal condition (a)
(0,300) Hz (b) (0,30) Hz

to analyze the experimental vibration signal. Figure 5 Power
density spectrum of the Hilbert transform envelope of the ex-
perimental vibration signals under normal condition and faulty
condition. Figure 5(a) shows the center frequency components
of 5.17 Hz generated by gears 4. The meshing frequency com-
ponents of 152 Hz and 231 Hz between gears 1, 2 and gears 3,
4 are presented. Figure 5(b) shows the center frequency com-
ponents of 5.71 Hz generated by gear 4 and meshing frequency
components of 154 Hz and 231 Hz generated between gears
1, 2 and 3, 4. Although the frequency components of 5.71 Hz
and 231 Hz are shown in figure 5(a) and (b) at the same time
and their amplitudes are different, there are harmonic frequency
components around the frequencies generated by the gears 3
and 4 in figure 5(a) and (b). It is not enough to identify the fault
gear by using the power density spectrum of the Hilbert trans-
form envelope. We need to demodulate the frequency of 5.71
Hz by the gear 4 in the time-frequency domain.

The adaptive spectrogram is applied to analyze the Hilbert
transform envelope of the vibration signal. Figure 6 shows the
results by the adaptive spectrogram of the Hilbert transform
under normal condition. It shows the modulating frequency of
5.71 Hz in gear 4 and meshing frequency of 228.57 Hz between
gears 3, 4 clearly. Figure 7 shows the results by the adaptive
spectrogram of the Hilbert transform under faulty condition.
The modulating frequency of 5.71 Hz in gear 4 and meshing
frequency of 228.57 Hz between gears 3, 4 are identified. The
amplitudes of frequencies 5.71 Hz and 228.57 Hz are different
by comparison between figures 6 and 7. As we discussed, when
there is crack in gear, the rotational frequency and meshing fre-
quency of the faulty gear are generated. The results in figures
6 and 7 show that the proposed method demodulates the fre-
quency component of 5.71 Hz in gear 4 and meshing frequency
component of 228.57 Hz effectively and clearly, which is used
to detect the early gear fault in the gearbox.
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Fig. 7. The adaptive spectrogram of the experimental vibration signal
envelope from Hilbert transform under faulty condition (a)
(0,300) Hz (b) (0,30) Hz
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4. Conclusion

This paper proposed a new method based on Hilbert trans-
form and adaptive spectrogram for the early fault detection of
gearbox by demodulation of the weak modulating frequency

components and meshing frequency to detect the gear crack.
Both simulated signal and experimental vibration signal are
used to test the proposed method. The results show the appli-
cability for the adaptive spectrogram to extract and identify the

demodulating frequencies in fine resolution.
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