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Abstract: A large number of non-stationary dynamic signals are generated in the working machinery and equipment. Es-
pecially, diesel engines often encounter non-stationary transient and time-varying modulation signals, such as the impulse
response signals caused by cylinder piston wear. These kinds of signals generated from diesel engine are analyzed by the
method of the Local Wave time-frequency proposed in this paper, and then according to the analysis to diagnose the
working state of the diesel engine. It proved that the proposed method is feasible and effective. Moreover, it provides an
effective way for the diesel engine condition monitor and fault diagnosis.
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1. INTRODUCTION

When Machinery and equipment have some fault, non-
stationary transient and time-varying modulation signal are
generated. For example, the frequency characteristics of
these signals have relationship with their time, such as the
impulse response of the cylinder piston wear signal which is
generated from diesel engine, the signal generated when
device starts or stops. Extraction and analysis the time-
varying signals from diesel engine has a major significance
to diesel engine fault diagnosis. Such signals must be
analyzed in both time and frequency domains. Currently
classical signal processing method based on Fourier
transform is used commonly. The method only from the time
domain or frequency domain gives the average results of the
statistics of the signal, and it only takes into account the
signal in time domain or frequency domain. The whole
picture and the local variation in time domain and frequency
domain cannot be considered at the same time. But the
localized features are precisely the characterization of the
fault. Local wave frequency is established based on the
concept of instantaneous frequency. Moreover the
instantaneous frequency is great significance to research on
the phenomenon of transient and non-stationary. So it
overcomes the limitations of traditional methods that it able
to describe correctly the local features of the dynamic non-
stationary signals in the time-frequency domain. In this
paper, vibration signals generated from the impact on the
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cylinder of the piston in different wear conditions are studied
by the local wave time-frequency analysis method. It proves
by simulation and practical application that the local wave
time-frequency analysis method is effective to diesel engine
fault diagnosis.

2. LOCAL WAVE METHOD

In order to diagnose the working condition of the
machinery and equipment, the signal acquired is usually
expressed as a function of time or frequency, such as
correlation analysis, power spectrum analysis and time-
frequency analysis and so on. People choose different
analysis methods based on different situations. However,
these analysis methods give the energy of the same
frequency signal within the analysis time or fixed time
window, known as the full domain wave analysis. While
impulse response signal is non- stationary and time-varying,
which is caused by worn piston impacting cylinder, and the
frequency of the signal may be only existed in the local time
or instant of the signal course. The method used to analyse
these kind of signals is called local wave analysis[1].

2.1. The Principle of the Local Wave Method

Local wave method is built on the concept of
instantaneous frequency which is a very important physical
quantity in the study of transient and non-stationary
phenomenon [2, 3]. The method takes the advantages of
multi-resolution wavelet transform, at the same time
overcomes the problems caused by different wavelet bases
which are usually not self-adaptive and energy leakage of the
signal. In order to get a meaningful instantaneous frequency,
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Fig. (1). One local wave component.
different decomposition algorithms [4, 5] can be used to
: . . d do(t)
obtain some finite local wave components, with these E(e([)—a)t):()$a): y )
t t

components, the instantaneous frequency of the time-varying
signal and time-frequency characteristics will be able to be
researched by the Hilbert transform. The local wave
decomposition is a complete adaptive signal decomposition
method. Due to the signal decomposition by the scale of the
signal characteristics, the local wave decomposition is self-
adaptive. With the instantaneous frequency, the signal can be
analyzed by time-frequency domain. So the Analytical
method to process signal is flexible and effective. In this
paper, the local wave time-frequency method is proposed
based on the local wave.

American scholar Huang has proposed an empirical
mode decomposition method [6]. A series of intrinsic mode
functions known as the local wave component can be
obtained by the method. These components must meet the
following qualifications:

(1) In the length of the data, the number of extreme
points and the number of zero crossing must be equal, or at
most a difference of one;

(2) At any time, the local maximum value of the signal
and the local minimum definition of the mean envelope must
be zero.

The first limited condition is similar to the traditional
stationary Gaussian process defined on narrowband. The
second qualification transforms the traditional global limit
into the local limit, it can remove the fluctuations of the
instantaneous  frequency caused by the asymmetric
waveform. In fact, the ideal situation is that the local mean is
zero. But for non-stationary signals "local mean" involves
"local time", it is difficult to be defined. Generally, the mean
of the envelope is used as an approximation, which is called
the local wave component. Because in each cycle defined by
the zero points, there is only one basic pattern without
complicated superposition of waves. A typical local wave
component is shown in Fig. (1).

The corresponding analytic signal can be obtained by
Hilbert transform of any component signal. Its Fourier
transform is

S(w) = J: a (t)eje(t)e_-’”’dl = J: a (t)ej(e(t)_wt)dt (1)

According to the stationary phase principle [6], the
frequency of the greatest contribution to S(w) should meet

the following limits.

Obviously, we can obtain the expression which is
accordant with the traditional definition of instantaneous
frequency.

For a real signal, such as non-stationary signals, at some
point there will certainly be more than one instantaneous
frequency, which means that the data may contain more than
one oscillation mode, so we must to effectively decompose
signals, and then we can get a series of local wave
components.

It should be emphasized that the decomposition is not for
the purpose of the Hilbert transform, but for removing the
superposition of local wave and local asymmetry and get
meaningful instantaneous frequency. For each component,
the instantaneous frequency can be defined everywhere. At
the same time it should be pointed out that, due to the single
component signal at any time has only one frequency, the
frequency is called signal instantaneous frequency. There-
fore, each component obtained through the local wave de-
composition is the corresponding single components.

The process of decomposing complex non-stationary sig-
nals into a finite number of local wave components is called
the local wave decomposition, also known as the shifting
process. The corresponding decomposition algorithm is
called local wave decomposition algorithm. Local wave de-
composition algorithm flow chart is shown in Fig. (2).

If the local mean m,(¢) is obtained from the original

signal S(¢), in the ideal case, the first component is derived
by following formula (3):

h(t)=5(t)-m,(¢) 3)

Due to the approximation of the mean of the envelope,
some non-symmetric waves may still exist in the /,(¢) , and

therefore we need to continue to filter the /() , the process

can be repeated several times, there is
hll(t):hl(t)_mll(t) “

After k times, we can get h](k_l)(t) —-m, ()=h, ()=C(1).
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Fig. (2). Flow chart of local wave decomposition.

Where C,(?) is the first local wave components obtained

from original signal. This process should be very careful,
because too much repeat will lead local wave component
into a purely frequency modulated signal and its amplitude
becomes constant. To avoid this case, we must determine the
criteria to stop the shifting process. The condition criterion
can be achieved by limiting the size of the standard

deviation. We can obtain the standard deviation S, by two

consecutive processing in formula (5).

)

Where S, can be selected between 0.2 and 0.3 [4, 6].

In general, the shortest cycle component of the original
signal, i.e. the smallest part of the signal scales, should be

included in C,(f) . R, () is separated from the original signal

S(t), and processed as a new data.

End

S(t)-c (1)=R (1),
It is clearly, the large-scale part of the signal is contained
in R (). We continue the shifting process in turn as follows.

R(1)-C,(1)=R,(1)
R,(t)-C,(¢)=R,(t)

Then there is

$()=3¢ )+ &1

The original signal is decomposed into n-local wave
component (C (1)~C (¢)) and a trend R (). Because the

(6)

scale is increasing, so R () is relatively slowly varying. It
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may be a monotonic function or a constant. Mode
components ( C\(#)~C (¢) ) contain the different scales

information of the original signal after the separation.

To stop this process after the pre-conditions set criteria
are met here stop conditions for the following categories.

(1) When the component Cﬂ(z) or the remaining

component Rﬂ(t) becomes small enough to stop than the

predetermined value.

(2) When the remaining component Rﬂ(t) becomes a

monotonic function, which can no longer filter out the local
wave component so far. Even if the original signal data with
global zero mean, the last of the remaining amount may still
not be zero. For the data with the trend term, the remaining
component is the trend term.

It can be seen from this process, each component can be
amplitude or frequency modulation [4, 6]. Through the
decomposition,  different amplitude and frequency
modulation is also clearly separated. We obtain a signal
description method of variable amplitude and variable
frequency. Decomposition can effectively separate the
different time scales, and deal with non-stationary, nonlinear
and localize time-frequency at the same time. The method of
decomposition has a strong adaptability.

2.2. Time-Frequency Spectrum of Local Wave

We can obtain limited number of components by signal
decomposed by the local wave method, then change the

component signals Cl.(t) into analytic signal by Hilbert

transform.
ZC[ (t) - XC, (t)+qu (t) =ac (1)€j¢(“(t) =a. ([)ej“’t“(’)t )
Where
1 Y,(t
= X (V+Y () [0 0 (1)= < 8
o= T (T o =m0

Then, we can gain @, which is the instantaneous fre-

quency of the component.
o, =9, ©)
Component signal C,(f) can be expressed as follow.
C,(r)=Re| a, ()exp( /] o (1)at)]

Where Reis the real part, then there exists

s(1)= Re[gaq (t)exp( jjwq(t) dt)} (10)

Where n is the number of components. The residual
trend component can be treated as a long period of low
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frequency vibration by Hilbert transform. The component is
a small offset in the energy. Taking into account the
uncertainty of the long trend component, and in order to
better observe the local wave component which contains
useful low-frequency information, the residual amount
usually is not considered during the Hilbert transform in this
paper.
Using the Fourier expansion the same data, s(¢) is

s(t)=Re{iaiejw’t} (11)

Where a; and w; are constant. The contrast is clear in
formulas (10) and (11). Each local wave component
describes a generalized Fourier changes. The variable
magnitude and the instantaneous frequency are not only
greatly improved the efficiency of expanding the signal, but
this decomposition can handle non-stationary data.

As a result, the limitations of the Fourier expansion of
fixed amplitude and fixed frequency are broken, and the
method of description variable amplitude and variable
frequency signal is acquired.

Signal amplitude can be expressed as a function H (w,t)

of time and frequency in the three-dimensional space by the
formula (10) which is called the local wave time-frequency
representation of the signal in this paper. It also be referred
to as the local wave time-frequency spectrum which is
expressed as follow [1, 4, 7].

H(w,t)= Re{ibaq (Z)exp( j'[a)q(t) dt)} (12)

Where n is component number. When o, (z):a), the

variable b=1, otherwise b=0. According to the need, time-
frequency spectrum of the component can also be obtained.

H, (0.1)= Re[baq ()exe( /[, dt)] (13)

Or the reconstruction time-frequency spectrum of several
components can be gained.

Hq...ck (a),t) = Re[baq (t)exp(jj-a)q(t) dt)}

bt Re[baq (t)exp(j.[wq(f) dt)]

The amplitude of the signal can be expressed as contour
lines on the time-frequency plane, or three-dimensional map

(14)

in such a three-dimensional plane {t,w,H(w,t)} .

3. DIAGNOSIS EXAMPLE

In a large number of components of a diesel engine, the
wear of the diesel engine cylinder liner and piston is one of
the reasons a direct impact on the performance of diesel
engine. The fault diagnostic criterion of the wear between
the cylinder liner and piston acquired by a large number of
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Fig. (3). Vibration signal of the cylinder head and corresponding time-frequency spectrum (A-F).

simulation experiments is given in reference [8]. This
Experimental study is important, but because of the
differences in laboratory and field work environment and
external uncertainties, testing and analysis results in the
laboratory are often difference from in the field. Wear
mechanism is researched in the practical application in
reference [9], but it is difficult to make a valid judgment to
the degree of wear. While the method of the time-frequency
analysis can correctly describe the local characteristics of the
dynamic non-stationary signals in the time-frequency
domain, and can to reveal the composition of the frequency,
distribution and arrangement of the vibration signal of each
band in the local time. In this paper, the method of the time-
frequency analysis of the local wave is used to diagnose
failure of the field devices. Diagnosis example is given as
follows.

The cylinder head vibration signal is measured in the
same position under the normal state of the diesel engine, a
piston slight wear state and serious wear condition. Where
analytical frequency of vibration signal is 10 kHz, sampling
frequency is 25.6 kHz, and the engine speed is 710r/min.

When the diesel engine cylinder liner piston worn, the
impact of the piston on the cylinder liner is mainly reflected
in the cylinder pressure signal of the outbreak period,
according to the characteristics of this signal, the degree of
wear of the cylinder liner piston can be determined.
Therefore the signal which is intercepted in the expansion
stroke near the top dead is analyzed in the A to C of Fig. (3).
Vibration waveform can be seen that there are some
differences from the time domain waveform. The amplitude
increasing gradually that indicate the vibration strengthen,
but slightly worn state and normal state signal is not very
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different. Time-domain waveform cannot give the
characteristics of the signal frequency. The corresponding
time-frequency spectrum is given in the D to F of Fig. (3). It
is clearly seen that vibration signal mostly concentrated in
the frequency of 3000 to 6000Hz nearby for the energy
distribution of the normal signal. The vibration signal has
certain duration. It is mainly concentrated in the 5 to 12ms
time period that includes the energy of the low frequency
part. When fault occurs, the clearance between the piston and
cylinder is enlarged and the speed of the piston impacting
cylinder liner will change which results in impact energy. At
the same time, due to the gap changes, the lateral movement
of the piston in the cylinder changes. Then the number and
the location that the piston hits the liner changes, which will
cause vibration characteristics of the liner change [10].
Minor wear, the energy of the vibration signal enlarge. The
energy in the high frequency is significantly greater than that
in the low frequency and the duration is relatively reduced.
There is still significant vibration in the time period of 18 to
20ms. During severe wear, energy are prominent only in the
range of 7000Hz to 8000Hz in the time-frequency spectrum.
At the same time, the duration decreases rapidly, only about
2ms or so.

CONCLUSION

The local wave decomposition is an adaptive basis
functions mode decomposition method. The method can
handle non-stationary and nonlinear signal and has self-
adaptability. It can control the pollution of the singular signal
to a small range. The signal at the point singularity can only
influence local, but will not spread to the entire interval.
Local wave frequency analysis method is a generalized
linear time-frequency representation, since they are built on
the basis of the instantaneous frequency, which is different
from the definition of Fourier analysis in the frequency. Due
to the localization of time domain and frequency domain,
Local wave analysis method is different from the others
signal decomposition method and time-frequency analysis.
In this paper, we verify that the application of local wave
frequency analysis is feasibility by the analysis
characteristics of the vibration signal of diesel engine
cylinder head. For piston wear failure of the diesel engine
cylinder liner, we comprehensively analyze the vibration
signal of the cylinder head by the local wave frequency
analysis method. Then we can identify the fault. At the same
time, it will reflect the failure level. It demonstrates that the
method is effective to analyze the vibration characteristics of
reciprocating machinery and extract fault information. This
method has great engineering application value. So it is
verified that the local wave analysis method is effective for
fault diagnosis of reciprocating equipment.
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