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Abstract. Local Mean Decomposition (LMD) is a new self-adaptive time frequency analysis
method. In present paper, the effectiveness of LMD method to extract fault features of gears,
which are multi-component amplitude modulation (AM) and frequency modulation (FM), is
demonstrated. A series of tests on tooth wearing, breaking and spalling gears are conducted and
analyzed by LMD. And the fault features extracted by LMD are compared with those obtained
from conventional Hilbert transform (HT). Moreover, the gear faults are identified by kurtosis
based on LMD decomposed signals. The results demonstrate that the scheme combining LMD
method with kurtosis analysis is effective to extract the characteristics of fault gears and improve
the accuracy of fault diagnosis of gears.
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1. Introduction

Gear transmission is the most important way to transfer speed and power from one rotational
shaft to another. Malfunction of gear transmission during operation process may lead to reduction
of machining precision and integral performance of products, and more seriously, the failure of
entire mechanical system. Thus a number of researchers have been focusing on gear fault
diagnosis to aim at detecting the malfunction of gearboxes before severe accident occurs in recent
years [1].

The means to diagnose gear faults can be categorized into model-based method [2], data-driven
method [3] and signal-based method [4, 5]. In the model-base method, gear faults are diagnosed
by detecting the consistency between the observed behavior and the predicted behavior through
gear mathematical model [6]. Practical applications of model-based fault diagnosis methods are
limited since it is hard to obtain an accurate model which is able to represent the behavior of real
devices [7]. Data-driven diagnosis methods like artificial intelligence methods diagnose gear
faults by evaluating the estimation residuals between new measurement values and historical data
[3, 8]. However, such methods highly rely on relationships between correlated measurement ways
within the system and the training data obtained from various operation conditions. Signal-based
methods compare features extracted from a signal with desired normal baseline values and they
are usually effective and economical. Hence signal-based gear fault diagnosis methods have been
extensively used in various gear fault diagnosis fields by far [9].

When the gears are in fault, the most vibration signals are multi-component modulation
signals. Hence some vibration envelope decomposition methods to analyze gear faults have been
investigated and led to a number of industrial applications [10, 11]. Among these methods, Hilbert
is typical to analyze the decomposition signals and used to diagnose type, localization and damage
of gear faults. Compared with other decomposition methods, Hilbert has high resolution and may
decompose frequency modulation components at high signal-to-noise ratio. But it is applicable to
single component decomposition signal analysis only while the signals of gear faults are usually
multi-component AM-FM signals. Moreover, window effect usually appears in Hilbert analysis.
It means Hilbert is not applicable to gear fault diagnosis. With rapid development of signal
processing techniques, some researchers attempted to introduce unsteady signal processing
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methods, such as wavelet [12] and Hilber-Huang transforms (HHT) [13], into fault diagnosis of
gearboxes to extract the characteristics of the fault gears by analyzing AM-FM signals. These
analysis methods are able to simultaneously generate time and frequency information of a signal
through mapping a one-dimensional signal to the two-dimensional time-frequency field capable
to detect gearbox fault. However, either wavelet transform or HHT has its disadvantage. The
physical significance of instantaneous amplitude and frequency obtained from wavelet transform
is not clear since it is non-adaptive. And the selection of mother wavelet function, decomposition
level of signals and time-frequency resolution of signals are also impediments in wavelet
transform analysis. In HHT, the spline fitting method is utilized to conduct spectrum analysis, but
the result is not satisfying yet and the difficulties like mode mixing and end effects are to be
overcome. Moreover, it is hard to achieve the full time-frequency distribution by HHT. Since
neither wavelet transform nor HHT is based on signal decomposition, it is not probable to use
them to diagnose faults of gearboxes in working conditions. To improve the wavelet and HHT
method, some efforts have been carried out in recent years. For example, Rafiee et al. [14]
employed genetic algorithm to select mother wavelet function and decomposition level in gear
fault diagnosis. Parey et al. [15] proposed an improved model to simulate the torsional vibration
for a spur gear pair. Both the simulated and the experimental signals are decomposed by means of
experience mode decomposition (EMD), in which the statistical parameters are evaluated on
instinct mode functions (IMFs). Ricci and Pennacchi [16] conducted gear fault diagnosis based on
EMD and automatic selection of intrinsic mode functions and a merit index was introduced that
allows the automatic selection of the intrinsic mode functions to be used in their work.

Based on HHT, a new local mean decomposition (LMD) method was proposed by Jonathan S.
Smith [17]. It is a new self-adaptive time—frequency analysis method which is suitable to analyze
multi-component nonlinear unsteady signals originated in gear faults. Though LMD is a probable
method to diagnose gear faults, rare research has been conducted so far. Cheng et al. [18] carried
out some tests on rotors and analyzed the potentials of LMD method for fault diagnosis of roller
bearings and gearboxes. However, their work was focused on the fault of gears induced by wearing
only.

Present study attempts to estimate the effectiveness of LMD method on diagnosis of gears
induced by one tooth wearing, breaking and spalling. The advantages of LMD based signal
processing for multi-component AM-AF signals are analyzed. By comparing the test results with
those obtained from conventional methods such as HT, the advantages of the LMD method in
fault diagnosis of gears are demonstrated. In addition, the types of gear faults are identified by
kurtosis analysis, under the condition that the gear has a fault by LMD method.

2. LMD performance analysis based on simulation

LMD is a signal demodulation process, in which the vibration signals are decomposed to a
series of product function (PF) components and each PF component is derived from an envelope
signal multiplied by a pure frequency modulation signal. The instantaneous amplitude (IA) of the
PF component, denoted by an amplitude modulation signal, contains the adjustable information
of amplitude of the PF component. And the instantaneous frequency (IF) of the PF component,
denoted by pure frequency modulation signal, covers the adjustable information of frequency of
the PF component [17].

A key point in LMD based analysis in fault diagnosis field is how to decompose the vibration
signals. The details of LMD algorithm may refer to some literatures like [19, 20]. Various numbers
of PFs may be decomposed during LMD calculation, associated with different ending criterion of
iteration. Since the PFs interested in fault diagnosis are those which contain fault information, the
decomposition process based on LMD is improved by reducing numbers of PFs to increase the
calculation speed. The PFs induced by slight fault are generally covered by noise, therefore small
energy PFs decomposed from LMD are almost unable to denote the fault information of a structure.
When the energy of decomposed PFs is 90 percent of the original signal energy, the other
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components are not decomposed anymore in present study.

When gears in fault are meshed, both the amplitude and phase of vibration signals can be
modulated. Leaving out the effect of transport function on vibration signals of gears, their fault
vibration signals are picked up by sensors seated on the gearbox and they can be expressed by [21]:

m

x(t) = Z x; [1+ d;(t)]cos[2mizfit + @;(t) + b;(t)], )

=1

where i is the number of tooth-meshing harmonics, f; the rotating frequency, and z the tooth
number of the gear. The variables x;, @;, d;(t) and b;(t) represent the amplitude and phase of the
i-th meshing harmonic wave and their amplitude and phase modulation functions respectively.
Since the tooth with local fault meshes only once with another gear in one rotation cycle, d;(t)
and b;(t) are the periodic functions whose frequencies are the rotating frequency of the gear and
its” multiple. Thus the fault information is included in the vibration signals of the gears. To address
the advantages of the LMD method for signal processing of gears, two components of signals are
selected and analyzed. Assume the simulation signal is:

X =x; + Xy, (2)
where:

x; = (1 + 0.5c0s(2007t))cos(1000mt + cos200mt), 3)
x5 = (1 + 0.5c0s(2007t))cos(4000mt + cos200mt). 4)

This signal includes an amplitude modulation signal and a frequency modulation signal. The
waveform of the signals in time domain, under sampling frequency 10,000 Hz, is shown in Fig. 1.
Two PF components and one remainder term deriving from LMD calculation are shown in Fig. 2.
The instantaneous amplitude and frequency of two PFs are respectively shown in Figs. 3 and 4.
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Fig. 1. Waveform of the original signal Fig. 2. Components: a) PF1, b) PF, c) Remainder

It is shown in Fig. 3 that IA a, ranges from 0.5 to 1.5 and IF f; fluctuates at 2000 Hz around.
The width of the rectangle shown in Fig. 4 is 0.01 s, which means the wave frequency of A and
IF is 100 Hz. These parameters represent the real features of single component x,. Similarly, the
real features of single component x; are indicated by the waveform of Fig. 4.

Since a simulated multi-component signal is able to be decomposed to a few single component
signals with known IA and IF by LMD method, it is feasible to analyze the vibration signals of
fault gears by using LMD method.
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Fig. 3. IA and IF of PF1: a) IA, b) IF Fig. 4. IA and IF of PF2: a) IA, b) IF

3. Experimental work

Three types of gear faults, including tooth wearing, breaking and spalling, are diagnosed by
LMD method. Some experimental data are either obtained by tests or collected in researchers’
laboratory work.

The rotational mechanical vibration analysis and fault diagnosis system used in tooth wearing
and breaking tests of gears is provided by Jiangsu Chipe Diagnose Engineering Co. LTD and the
experimental apparatus is shown in Fig. 5. The tooth numbers of the big and small gears are 75
and 55 respectively in tests.

In tooth wearing tests, one tooth of the big gear is artificially worn to represent the wearing
fault, as shown in Fig. 6. Several acceleration transducers are placed along the axial and radial
directions of bearing mounting of the big gear to gain vibration signals in these directions. The
rotation rate of the small gear is 342 r/min and its sampling frequency is 10000 Hz. Thus, it is
calculated that the meshing frequency of the gear is 313.5 Hz and the rotation frequencies of the
small and big gears, f; and f,, are 5.7 Hz and 4.18 Hz respectively.

Fig. 5. Experimental apparatus in tooth wearing and Fig. 6. Wearing gear
breading tests

Fig. 7. Gear specimen with one broken tooth Fig. 8. Spalling gear

Fig. 7 presents the artificially broken tooth of the small gear in tooth breading tests. The
specimens and alignment of transducer in tooth breaking tests are similar to those in tooth wearing
tests. The rotation rate of the small gear is 826 r/min and its sampling frequency is 10,000 Hz.
Thus, it may be calculated that the meshing frequency of the gear is 757.17 Hz and the rotation
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frequencies of the small and big gear, f; and f,, are 13.77 Hz and 10.1 Hz respectively.

The experimental data in spalling tests are collected from Laborelec research center of
Université Libre de Bruxelles [22]. The specimen used in the tests is a cluster gear consisting of
two gears and the tooth numbers of the big and small gear are 41 and 37 respectively and Fig. 8
shows the spalling gear. In tests, the rotation rate of the big gear is 606 r/min and its sampling
frequency is 10,351 Hz. It can be derived that the meshing frequency of the gear is 414.1 Hz, the
rotation frequency of the small and big gears, f; and f,, are 11.19 Hz and 10.1 Hz respectively.

4. Analysis and discussion

The signals of gear faults are multi-component amplitude and frequency modulated signals.
They can be decomposed to a series of single PF components with 1As. Using Fast Fourier
Transform (FFT), fault characteristic frequencies can be obtained from IAs.

4.1. Waveform of the original signal in time domain

The measured vibration signals in radial direction of three types of gear faults are
schematically shown in Fig. 9. It can be observed that the waveforms of these three types of signals
have different features in time domain. The waveforms resulting from tooth wearing and breaking
tests present obvious impact effect while the waveforms of spalling is not.
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Fig. 9. Waveform of the original signal in time domain:
a) Tooth wearing, b) Tooth breaking, c) Spalling

4.2. Fault diagnosis by FFT and HT
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Fig. 10 shows the frequency and its demodulated spectrum of the signals obtained via FFT. It
can be found they are rather complex, thus it is almost impossible to judge whether the gear has a
fault by frequency spectrum analysis.

Fig. 11 shows the demodulated spectrum of the signals obtained via HT. The spectral lines at
fundamental rotation frequency and 2X frequency of the big and small gears are clearly seen in
Fig. 11(a). It is shown in Fig. 11(b) and (c) that the spectral line, which represents the fault
characteristic frequencies of the gear, is not clearly seen due to the disturbance of noise. Since the
characteristic frequencies of both gears are rather obvious, it is not possible to judge which gear
has a fault. When the signals are transformed by Fast Fourier and Hilbert, the characteristic
frequencies of the small gear are clear while those of the big gear are not. Thus it is usually
accompanied with a false conclusion that the small gear is in fault.

4.3. Fault diagnosis by LMD-and FFT

Three PF components are derived from the signal of wearing gear by LMD decomposition.
Fig. 12 shows PF components of the signals demodulated by LMD. The amplitude spectrum of
1As, a4, a, and a3, are obtained from IAs of these PF components via FFT, as shown in Fig. 13.
Clear spectral lines at fundamental rotation frequency and 2X frequency of the big gear are present
in Fig. 13(a) and (c). However, the spectral line at fundamental rotation frequency of the small
gear is not clear and its spectral line at 2X frequency is smaller than that of the big gear. Thus it
can be judged that the big gear is in fault. It is worth addressing that the impact effect is obvious
under such conditions since only one tooth of gear is worn. If plenty of teeth are worn, instead of
impact, the vibration behavior of the gear is enhanced.
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Fig. 12. PF components: a) PF1, b) PF2, ¢) PF3 Fig. 13. Frequency spectrum of IA obtained from:

a) PF1, b) PF2, ¢) PF3

Five PF components are derived from the signals of tooth wearing gear demodulated by LMD.
Fig. 14 presents the first three PF components of the signals. The amplitude spectrum of a4, a,
and a5 are obtained from IAs of these PF components via FFT, as shown in Fig. 15. In Fig. 15(b),
spectral lines at rotation fundamental frequency, 2X frequency, 3X frequency, 4X frequency and
5X frequency of the small gear are clearly observed. Thus it can be judged that the small gear is
in fault. Based on the analysis results, it is found that LMD method is a better way to obtain
frequency demodulated spectrums than HT because the former one may effectively reduce the
disturbance of the noise and derive accurate characteristic frequencies of the gear in fault.

Using LMD, eight PF components are obtained from the signals of the tooth spalling gear.
Fig. 16 presents the first three components of the signals. The amplitude spectrum of a,, a, and
as are obtained from [As of these PF components via FFT, as shown in Fig. 17. When the signals
are transformed by Fast Fourier and Hilbert, the characteristic frequencies of the small gear are
clear while those of the big gear are not. Thus it is usually accompanied with a false conclusion
that the small gear is in fault. Compared the results obtained from FFT and Hilbert, the
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characteristic frequencies of both big and small gears are clear when LMD method is used.
Although it is not possible to judge which gear has a fault, it may not lead to misjudgment of fault
gears. Obvious characteristic features of fault-free gears are generally caused by placement of
transducers and rotation rate of the gears. In such cases, the characteristic frequency spectrum of
fault-free gear is clearer than that of the gear in fault. This phenomenon has been observed and

explained by Ding et al. in their paper [23].
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4.4. Identification of types of gear faults

LMD-FFT method can be utilized to judge whether a gear has a fault or not. However, it is not
available to identify the type of the gear fault. Hence kurtosis is introduced into LMD method to
achieve this target. Kurtosis is a useful index to denote the fault of the gear box when it is subjected
to impulsive loads. It is a fourth statistic and defined by [24]:

N 72
Z izl(yi —-Y) %)
N-—-1 '
where Y; are univariate data and ¥ the mean value of ¥;. Based on experimental data and Eq. (5),
the kurtosis of PF components decomposed by LMD can be calculated. Table 1 shows the kurtosis
values of original signal and its three PF components of the tooth wearing, breaking and spalling
gears.

In general, the signal of the measured device presents obvious impact feature if the kurtosis is
larger than 3.5. It is found in results listed in Table 1, the kurtosis values of signals of different
types of gear faults vary obviously. The kurtosis of original signal of one tooth wearing gear is
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15.7, which means the gear is damaged. Moreover, kurtosis values of its three PF components are
77.6, 22.8 and 38.8 respectively, which are much larger than kurtosis of original signal. The
kurtosis of original signal of tooth breaking gear is 660.0 and kurtosis values of its three PF
components are 671.5, 16.3 and 30.4 respectively. Regarding the spalling gear, the kurtosis values
of original signal and its three PF components are 3.2, 3.7, 3.5 and 3.9 respectively.

Table 1. Kurtosis of gears in fault

Signals Fault types
Tooth wearing | Tooth breaking | Spalling
Original 15.7 660.0 3.2
PF1 77.6 671.5 3.7
PF2 22.8 16.3 3.5
PF3 38.8 30.4 3.9

It can be found that the kurtosis value of the tooth wearing gear is 15.7 but that of the tooth
breaking gear is 660, which is hundreds of times of the value of normal gear. The kurtosis of
original signal of spalling gear 3.2 is a little larger than the value of undamaged one. The PF
components of tooth wearing and spalling gears have similar kurtosis values to their original
signals while PF1 of tooth breaking gear has the same order value to its original signal only.

Obviously, the kurtosis values vary with different types of gear faults. When a gear is
determined to have a fault by LMD, the type of the gear fault can be identified by analyzing its
kurtosis.

5. Conclusions

The vibrations signals of gears are complicated and usually disturbed by other signals like
noise. In fault diagnosis of gears, it is rather difficult to extract the fault features of such signals
through demodulation process by using HT. LMD is an effective approach to diagnose the fault
of gears. Using LMD method, the multi-component vibration signals can be adaptively
decomposed to a series of PF components. The information related to fault of the gear is extracted
by instantaneous amplitude of PF components via FFT. And a series of tests on tooth wearing,
breaking and spalling gears are conducted and analyzed by LMD. Based on LMD results, the types
of gear faults are identified by kurtosis analysis. The results show that LMD method, together with
kurtosis analysis, is effective to determine if the gear is in fault and identify the type of the faulty
gear.
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