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Abstract: The Centrifugal compressor is a piece of key equipment for petrochemical factories. As the
core component of a compressor, the blades suffer periodic vibration and flow induced excitation
mechanism, which will lead to the occurrence of crack defect. Moreover, the induced blade defect
usually has a serious impact on the normal operation of compressors and the safety of operators.
Therefore, an effective blade crack identification method is particularly important for the reliable
operation of compressors. Conventional non-destructive testing and evaluation (NDT&E) methods
can detect the blade defect effectively, however, the compressors should shut down during the testing
process which is time-consuming and costly. In addition, it can be known these methods are not
suitable for the long-term on-line condition monitoring and cannot identify the blade defect in time.
Therefore, the effective on-line condition monitoring and weak defect identification method should
be further studied and proposed. Considering the blade vibration information is difficult to measure
directly, pressure sensors mounted on the casing are used to sample airflow pressure pulsation signal
on-line near the rotating impeller for the purpose of monitoring the blade condition indirectly in
this paper. A big problem is that the blade abnormal vibration amplitude induced by the crack is
always small and this feature information will be much weaker in the pressure signal. Therefore, it is
usually difficult to identify blade defect characteristic frequency embedded in pressure pulsation
signal by general signal processing methods due to the weakness of the feature information and the
interference of strong noise. In this paper, continuous wavelet transform (CWT) is used to pre-process
the sampled signal first. Then, the method of bistable stochastic resonance (SR) based on Woods-Saxon
and Gaussian (WSG) potential is applied to enhance the weak characteristic frequency contained
in the pressure pulsation signal. Genetic algorithm (GA) is used to obtain optimal parameters for
this SR system to improve its feature enhancement performance. The analysis result of experimental
signal shows the validity of the proposed method for the enhancement and identification of weak
defect characteristic. In the end, strain test is carried out to further verify the accuracy and reliability
of the analysis result obtained by pressure pulsation signal.

Keywords: centrifugal compressor; pressure sensor; defect identification; continuous wavelet
transform; stochastic resonance; woods-saxon and Gaussian; genetic algorithm
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1. Introduction

During the operation of a centrifugal compressor, the blades suffer from combined effects of
centrifugal force, unsteady flow and vibration and so forth [1]. Therefore, as the most sensitive part in
a compressor, blades are exposed to periodic vibration and fluid excitation for the long time [2]. At the
same time, with the development of turbo-machinery, the working environment for the impeller is
more and more complex. Consequently, the blades are more susceptible to cracks and other defects.
The defect information of blades is usually difficult to identify at an early stage of the crack but the
blade may fracture at any time in the late stage which will lose meaning for condition monitoring.
Therefore, how to detect the crack defect of blades dynamically with a relatively simple and high
accuracy method is one of the complex problems in fault diagnosis field. Generally, displacement
sensors are used to detect the shaft defect [3,4] but the blade crack is always difficult to identify by shaft
vibration signal because of the complex transfer path. Compared to the shaft crack, the identification
for blade crack is more difficult.

Many scholars studied the blade condition monitoring with different ways. For example,
Rao et al., proposed a method to extract the characteristic information from vibration signal of the gas
turbine for recognizing the blade state [5]. Witek studied the development process of the blade crack
by using a vibration signal obtained in the laboratory [2]. Egusquiza et al. studied the blade failure
mechanism of a turbine pump, which provides the theoretical foundation for blade characteristic
extraction [6]. In addition, acoustic emission signal is also investigated for the defect classification of
turbine blades [7]. Support vector machine has been proved to have good performance on shaft crack
classification and prediction, therefore, it was tried to diagnose the blade damage of a helicopter [8].
At the same time, Konig conducted a series of studies on the rotating impeller failure mechanism
through a pressure pulsation signal, which provided good results and confirmed that the vibration
information of the blade can be reflected in the pressure pulsation signal [9,10]. However, most of
the research is focused on the gas turbine currently, although there exists a certain similarity between
centrifugal compressors and gas turbines. Moreover, most of the research hasn’t focused on the
blade on-line condition monitoring, especially by using pressure pulsation signal. Considering the
interaction between the blade and the airflow nearby during the operation of the compressor, pressure
pulsation signal close to the rotating impeller may well reflect the health states of the blade and
therefore is selected for the identification of blade crack in this paper.

A big problem should be noted is that the characteristic information representing the blade crack
is often submerged in the complex background noise, which will lead to the weak defect characteristic
difficult to identify from pressure pulsation signal. Therefore, it is necessary to study the method
that can effectively extract the weak crack information from the test signal with strong background
noise. Restraining noise seems to be a common and effective method, which can inhibit the noise
and increase the signal-to-noise ratio (SNR). However, it is not useful for the weak signal with strong
noise. Stochastic resonance (SR) can provide a new idea compared to the traditional noise suppression
methods. That is because the stochastic resonance is able to transfer part of noise energy to the
weak characteristic through a nonlinear system. As a result, it can improve the quality of weak
signal [11]. So, the stochastic resonance method utilizing noise reasonably can be considered for the
weak defect characteristic frequency enhancement of the cracked blade. Stochastic resonance was first
put forward by Benzi and his partners in 1981, and was used to explain the glacial periodically recurrent
phenomenon in the Earth’s meteorology occurring every 100 thousand years [12]. Subsequently, many
scholars found that the stochastic resonance is also conducive to extract weak characteristics from
strong noise and then this nonlinear phenomenon has been widely used in the identification of early
weak fault [13-18]. Wherein, He et al., studied the multi-scale noise tuning methods [19]. Qiao et al.
considered the influence of potential asymmetries on stochastic resonance that was subject to both
multiplicative and additive noise [20]. Qin et al., found the frequency range selection characteristic
of re-scaling frequency stochastic resonance because of the driving frequency limitation of bistable
stochastic resonance and then separated vibration components with different frequencies by iteratively
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using stochastic resonance [21]. Hu and Li applied an adaptive stochastic resonance method to
diagnose crack defect [22]. However, there is seldom reference in the literature about the centrifugal
compressor blade crack detection by using stochastic resonance methods.

This paper uses CWT to filter the sampled signal around blade passing frequency first and then
utilizes Gaussian potential (GP) to change Woods-Saxon single stable stochastic resonance system into
a bistable stochastic resonance system for extracting the weak characteristic frequency excited by blade
crack defect. GA is used to optimize the related parameters. The method is validated with the analysis
of simulation signal and actual test signal. The detailed structure is shown as follows: Section 2
introduces the theory of continuous wavelet transform. Section 3 describes the basic principles of the
potential well model and the theory of bistable stochastic resonance system based on the combined
Woods-Saxon and Gaussian potential (WSG). Section 4 presents the simulation signal with strong noise
and characteristic frequency analysis by CWT-envelope method and CWT-WSG stochastic resonance
method respectively. Section 5 introduces the application of the proposed method on blade crack
detection of the centrifugal compressor with pressure pulsation signal. Strain test is further carried out
to verify the correctness of the result. The conclusions are given in Section 6.

2. Continuous Wavelet Transform

Wavelet transform developed from the traditional Fourier transform is a local transform in time
and frequency domain which can extract the details of signal through multi-scale analysis. It has been
intensively investigated and applied to extract fault characteristics of mechanical equipment from
its vibration signal as it can effectively filter noise and preserve characteristics information. In this
paper, continuous wavelet transform is used to pre-process the obtained experimental signal and its
definition is shown as Equation (3). Set ¢(t) as a finite energy function ¢(t) € L?(R), if its Fourier
transform §(w) could satisfy the conditions of permissibility shown by Equation (1)

Cp = [ 1H(@)/|wldew < o0 M

Then (t) is referred to as a mother wavelet. Expand and translate the mother wavelet ¢ () and
set a to be the scale factor and b to be the translation factor. Then, 1, ,(t) shown by Equation (2) is the
function after stretched and translated.

Yap(t) = |a|‘”2¢(t;b) @)

Y, 5(t) above depending on the stretching parameters and translation parameters is called the
wavelet function. And CWT of the continuous time signal x(t) € L?(R) is defined as the inner product
of the signal and wavelet function.

Wy (a,b; ) = a*l/z/x(t)lp* <t;b>dt ®3)

Wherein *(t) is the conjugate of 1 (). According to Equation (3), it can be found the signal will be
projected onto the two-dimensional time-scale plane after the CWT. The wavelet transform coefficients
actually reflect the similarity between the local signal and the wavelet function, which means the
larger the coefficient is, the greater similarity they have. In addition, the continuous wavelet inverse
transform is shown as follows, which can be used to reconstruct the processed signal.

x(t) = C1¢ / / 0~ Wy (a, b; ) o pdadb @)

The inverse transform equation indicates that there is no energy loss for CWT and the energy
is conserved. Thus, Equation (5) is valid. Moreover, the modulus of the signal’'s CWT coefficient
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SG(a,b; ) is defined as Equation (6) which can usually be used for further analysis. As CWT is a
multi-scale analysis method, different scales correspond to different frequencies. In this paper, CWT is
used for pressure pulsation signal to obtain the wavelet scale spectrum first, then the scales around
blade passing frequency are selected to reconstruct time domain signal for the purpose of filtering
noise and preserving the characteristic information induced by blade crack defect.

1
/ Ix(£)2dt = o / a~2da / Wy (a, b; ) |*db 5)

SG(a,b;9p) = [We(a, b; )| ©)
3. Stochastic Resonance

Woods-Saxon potential (WSP) and GP are combined to form the new potential function of
bistable stochastic resonance system which will be described in Section 3.4. The WSP is a monostable
potential with three parameters—potential height, width and steep degree controlling the shape of
WSP. Moreover, for the same input, different potentials always produce different outputs. GP satisfies
symmetry, continuity and boundness, so it is chosen as the potential barrier and changes the
Woods-Saxon monostable potential function into a bistable potential function.

3.1. Woods-Saxon Potential Well Model

The potential function Uy (x) in the WSP well model is a nonlinear symmetric potential proposed
by Woods and Saxon. It is also used by Deza and others for the collection of energy at first. The model

can be expressed as follows:
Vi

"1+ exp((x — Ri)/a)
Wherein, V; is the well depth, R; is the well width and a is the steep degree of the potential.

Uws(x) = (7)

These three parameters determine the shape of the potential which also means they can determine the
energy that the oscillator can obtain. Figure 1 shows the effect of different parameters on the shape
of the potential function. The three solid lines in the figure correspond to the change of parameter a
(parameter V; and parameter R; are fixed), the influence of parameter a on the potential function can be
seen from the solid lines. When a is smaller the potential will be steeper. Two point lines correspond to
fixed Vi, a and varying Ry, the influence of parameter R; on the well width can be seen by comparing
these lines. There also exists a dotted line corresponding to the varying Vj, it shows the effect of V; on
the well depth. Therefore, unlike the potential in classical bistable stochastic resonance system, the
parameters of WSP change the shape of the potential independently. They are not coupled together.
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Figure 1. The shape of the potential function with different parameters.
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3.2. The Potential Well Model of Gaussian Potential (GP)
The radial GP well model can be expressed as follows:

2
Ug(x) = —Vaexp (1%) (8)

2

Wherein, V, represents the depth of the potential well and R, represents the width. Figure 2
shows the influence of different parameters on the potential function. It can be seen from the figure
that the potential well will be steeper when R; is smaller.

0

|
=
N

Potential function

1.5

The location

Figure 2. The shape of Gaussian potential function with different parameters.

3.3. The Combined Potential Model

The WSP and GP models mentioned above can be combined into a new bistable potential well
model. And the new WSG potential function can be expressed as follows:
U(x) = Uws(x) — Ug(x) = _Wll—lzh)/ﬂ) ©)
+Vaexp(— % )
2

The shape of the new potential function is shown in Figure 3, where the corresponding parameters
are V; =3, Ry = 1.6,a = 0.02, V, = 1.5, R, = 0.15. It can be seen from the figure below that it is a
bistable potential well model with two symmetrical potential wells and V; is the height of the potential
barrier. The width of each potential well and the distance between the two potential wells can be
changed by adjusting R; and Ry. So, the shape of the potential well model is controlled by five
parameters and they are not coupled, which means the shape of the potential well can be adjusted by
changing any single parameter. As the new bistable potential well model is formed by adding GP into
the WSP model, so it not only has the advantage of the Woods-Saxon single potential well but also has
the advantage of the traditional bistable potential. Obviously, it is more likely to achieve stochastic
resonance state if the well wall is steeper and the bottom is flatter. Therefore, the weak periodic signal

can be well processed and enhanced by stochastic resonance with this kind of potential well.
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Figure 3. The shape of Woods-Saxon and Gaussian (WSG) potential function.

3.4. Stochastic Resonance System

As the bistable stochastic resonance can enhance the weak low frequency signal by utilizing the
noise energy reasonably, it can be thought as a nonlinear low pass filter in some literature [15,23].
Therefore, according to the careful study of some model based research works on the signal processing
and analysis [24-26], the bistable stochastic resonance here is thought as a nonlinear system and
the noisy signal [27] containing the periodic signal and strong noise is considered as the input of
this nonlinear system shown in Figure 4. Then, the weak characteristic frequency can be obviously
enhanced in the output signal. Since there will be multiple stable points for the high order potential
function, the nonlinear system also includes multi-stable system besides the bistable system.

Signal S(t)

Nonlinear system Output X(t)
—_—

Noise N(t) (Bistable system or multi-stable system )

Figure 4. The general structure block diagram of stochastic resonance.

Taking Brown particle’s over damped motion excited by noise and external driving force in a
bistable system into consideration, the stochastic resonance system can be described by the following

equation:
d
di; = —V'(x) + Agsin(27tfot + @) + n(t) (10)
Wherein V (x) is the nonlinear bistable potential function and the traditional V' (x) is shown by
Equation (11).
V(x)=—4x2+5x* a>0,b>0 (11)

n(t) = V2DE&(t), E[n(t)n(t + 7)] = 2Dé(t) in Equation (10), where D represents the noise
intensity, ¢(t) is white noise with zero mean and unit variance. Parameters a and b are real and
positive structural coefficients. Ag(t) is the amplitude of periodic signal and fj is the driving frequency.
Substituting Equation (11) into Equation (10) and the following Equation (12) can be obtained.

Z—f = ax — bx® + Agsin(27 fot + @) + V2DE(t) (12)
Equation (12) above represents a classical bistable stochastic resonance system through the

nonlinear Langevin equation. If WSG bistable potential well model is used to replace the traditional
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potential function V(x), then the new system can be called WSG stochastic resonance system.
Accordingly, the equation can be expressed as follows.

f= st e (M0 ) (1rep(MER))

2Vhx x2 : (13)
+ RZ% exp <_R§) + Agsin(27tfot + @) +n(t)
1 x>0
Wherein, sgn(x) is the symbolic equation and sgn(x) = 0 x=0.
-1 x<0

It can be seen from Equation (13) that the system output depends on the potential model and input
signals. The difference between WSG stochastic resonance system and the classical system lies in the
potential model. In fact, the occurrence of stochastic resonance is determined by the combined effect of
the system, input signal and the noise. The stochastic resonance phenomenon can be described by the
oscillation of Brown particles under a variety of excitation (including potential well force, periodic
force and noise force) in a created special scene. In all forces, potential well force is obtained from the
first-order derivative of potential function. In reality, the periodic force and the noise power are fixed,
so the effectiveness of the stochastic resonance system is largely determined by the potential well force.

In general, if the potential well is too wide, the particle can’t reach the potential well wall of the
other end or the barrier. It also means the particle needs greater resilience to help its periodic motion
in a cycle. On the other hand, if the well is too narrow, the particle can’t reach the expected position
along the right path in a cycle, because the wall of the potential well will force the particle return back
to its original position in advance. Similarly, the excessively high barrier will make it difficult for the
particles to move back and forth in two potential wells, as a result they will only do the reciprocating
motion in one potential well which will have no effect on enhancing the weak signal from strong noise.
If the barrier is too low, the motion of particles will have no periodicity and just be controlled by the
effect of noise. That is to say, the output signal is disordered. In addition, if the potential well wall is too
steep, the produced great resilience will further lead to the rebound of the particles. Conversely, it will
not provide sufficient energy for particles to complete the periodic movement if the well wall is very
flat. In conclusion, the periodic motion of the particles and the amplification of a weak characteristic
signal can be ensured only when the shape of the potential model reaches the best state. Therefore,
the corresponding parameter optimization method is necessary.

3.5. Weak Characteristic Extraction Based on CWT-WSG Stochastic Resonance Method and GA

Based on the CWT filtering and WSG stochastic resonance feature enhancement method,
the CWT-WSG method is proposed to extract the weak characteristic information. As the output
signal quality of WSG stochastic resonance method is determined by potential parameters, the optimal
output signal can be obtained by tuning related potential parameters. Therefore, Genetic algorithm
(GA) is studied here for the determination of optimal parameters. Signal-to-noise ratio (SNR) of the
output signal shown by Equation (14) is set as the objective function in GA.

Ac
SNR = 10log;, <21N_ A~ Ac> (14)
where A, is the amplitude of weak characteristic frequency in the frequency spectrum. N represents
the length of signal and A; stands for the amplitude of each spectrum line in the frequency spectrum of
output signal. The purpose of GA is to search for optimal parameters so that the optimal SNR can be
obtained, as the larger SNR means the better characteristic enhancement performance. The flowchart
of the proposed method is illustrated in Figure 5 and detailed procedures are described as follows.
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Figure 5. The flow chart of WSG stochastic resonance method based on genetic algorithm (GA).

Signal pre-processing based on CWT: As blade passing frequency, a high-frequency component
calculated by multiplying blade numbers with rotating frequency, is the main frequency during
the operation of the centrifugal compressor, the low-frequency component caused by blade defect
may be modulated to the blade passing frequency [5,25]. In addition, the information produced
by blade crack is usually very weak and overwhelmed by strong noise. Therefore, CWT is used
to filter the acquired pressure pulsation signal first and the scales around blade passing frequency
are selected from the calculated scalogram to reconstruct the processed signal. Then Hilbert
transform is used for the reconstructed signal to obtain the envelope signal.

Selection of parameters to be optimized: As Vi, V;, Ry, Ry, a can all affect the result, they are
selected as the parameters which need to be optimized by GA. To meet the requirement of
small parameters (including low driving frequency, low amplitude and low noise intensity) of
stochastic resonance, frequency shifted and rescaling transform is needed. As the change of
rescaling factor k can also affect the output performance, therefore, k is also selected to be the
parameter to be optimized.

Parameters setting and initialization for GA algorithm: Several required parameters need to be
set when using GA algorithm. They are population size N, number of variables Nyar, length of
binary encoding L, the generation gap rate between offspring and fathers Ggap, the maximum
number of generations Gmax and the ranges of Vi, Vo, Ry, Ry, a, k. Here, set N = 200, Nyar = 6,
L = 25, Ggap = 0.9, Gmax = 50 respectively for the high convergence speed and accuracy of GA
algorithm. The ranges of Vj, V5, Ry, Ry, a are all initialized as [0, 10] to ensure the occurrence of
various shapes of potential functions and the range of rescaling factor k is set as [0, 1000] to rescale
the characteristic frequency to be small parameter (f < 1 Hz).

Output signal calculation and parameters update: Each produced chromosome is brought into
Equation (13) and then this equation is solved by using the Fourth-order Runge-Kutta method to
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obtain the output signal, where the processed envelope signal is set as the input weak periodic
signal. Next, calculate the SNR of output signal with Equation (14) and set it as objective function
value. Searching the optimal parameters based on fitness function and updating the generation.
Repeat the above procedures until the optimal parameters are obtained.

(5) Weak characteristic enhancement and extraction: Based on the obtained optimal potential
parameters Vi, V,, R1,Rp,a and rescaling factor k, take the filtered envelope signal into
Equation (13) and calculate the output signal. Then, conducting Fourier transform on the output
signal, as a result, the weak characteristic frequency can be enhanced and extracted.

3.6. The Blade Weak Defect Identification Based on the Proposed Method

As the weak characteristic frequency induced by the blade crack defect is usually difficult to be
identified, the proposed method is used here to improve this problem. Considering the strain method
is not suitable for the long-term condition monitoring of all the blades, pressure pulsation signal
is adopted in this paper. Then, the proposed CWT-WSG SR method combined with GA is used to
enhance and extract the weak defect characteristic frequency from the pressure signal. Strain data will
also be sampled and analysed to evaluate the reliability and effectiveness of the analysis result obtained
by using the proposed method. In the condition that the consistent defect characteristic frequency can
be extracted from both strain signal and pressure pulsation signal with the proposed method, it can be
verified this method is effective and has potential in the application of long-term condition monitoring
and weak defect warning for large-scale centrifugal compressor blades. The detailed scheme is shown
by the following system diagram seen as Figure 6.

Weak
Envelope Adaptive FFT | characteristic

Pressure . WSG SR frequency
signal |:> CWT filter |:> based on |:> extraction
acquisition GA and
enhancement

\% AN

|”| WMM

[
=3
8 8
Amplitude/Pa
Amplitude

Amplitude/Pa
o

Py
S 3
S 8
S 3

| UOhedHLId,

Strain signal Frequency C}:naractenshc
P spectrum frequency
acquisition

analysis identification

Figure 6. The system diagram on the application and evaluation for the proposed method.

4. Simulation Signal Analysis

In order to illustrate the effectiveness of the proposed CWT-WSG stochastic resonance method,

a simulation signal is analysed first. Considering the actual situation that amplitude modulation

phenomenon will occur if there is defect in the blade, an amplitude-modulated signal is constructed
shown by Equation (15).

s(t) = A(1+ Bcos(27tfet)) sin(27f,t). (15)

Wherein the carrier frequency f. = 1500 Hz and the modulation frequency f, = 60 Hz. Parameters
A =1and B = 0.2. The sampling frequency is fs = 10240 Hz and the number of sampling points is
5120. The obtained amplitude-modulated signal is shown as Figure 7a and it is analysed by FFT to
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obtain the frequency spectrum which is shown as Figure 7b, where 1500 Hz is the main frequency
and 60 Hz is the modulation frequency. Amplifying the frequency information around 1500 Hz to
obtain Figure 7c and it can be clearly seen that there exists sideband around 1500 Hz, which indicates
60 Hz is modulated to the carrier frequency. In order to simulate the actual situation, strong Gaussian
white noise with SNR = —9 dB is added to the simulation signal and the obtained time domain signal
is shown as Figure 8a. Figure 8b shows the corresponding frequency domain. It can be found that
the side band information is difficult to be identified due to the noise interference. Amplifying the
frequency domain near 1500 Hz shown by Figure 8c, however, the characteristic frequency is still
difficult to obtain through side-band analysis due to the strong noise interference.

Amplitude
=

Time/s

(@)

2 T T T T

Amplitude
—
.

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency/Hz

(b)

Amplitude
—
.

lQ’.OO 1300 1400 1500 1600 1700 1800
Frequency/Hz

(9

Figure 7. Simulation signal without noise: (a) Amplitude modulated signal without noise;
(b) The frequency domain of simulation signal; (c) The larger image of frequency domain.

Amplitude
i
S o o

Time/s

(a)

Amplitude

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency/Hz

(b)

T

1200 1300 1400 1500 1600 1700 1800
Frequency/Hz

(9

o

Amplitude

Figure 8. Simulation signal with noise: (a) The time domain signal with noise; (b) The frequency
domain; (c) The larger image of frequency domain.

In order to extract the weak modulation frequency 60 Hz, CWT method is used to filter the signal
around 1500 Hz first shown in Figure 9. Then envelope spectrum analysis is used for the signal and the
result is shown as Figure 10. It can be seen from Figure 10, although the characteristic frequency 60 Hz
and its harmonic frequency 120 Hz marked with red circles can be extracted. However, due to the
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noise interference, the useful feature information is not clear and submerged in strong noise. Therefore,
the characteristic frequency needs to be analysed further with feature enhancement algorithm.

For further extracting the characteristic frequency, WSG stochastic resonance model is constructed
to process the envelope signal. Related optimal parameters of the WSG model are set as
Vi = 39V, = 06,R; =88,Ry =9.7,a = 14 based on GA algorithm and the rescaling factor
k is set as 660. Calculate Equation (13) with the determined parameters and then the output signal
shown in Figure 11a can be obtained through this nonlinear system. Spectrum analysis is used for
the output signal to obtain the result shown in Figure 11b. It can be clearly seen from the figure
that the motion of the particle in two potentials reaches resonance state well, so the characteristic
frequency 60 Hz is enhanced obviously and easier to be identified after WSG stochastic resonance
system. Therefore, the proposed CWT-WSG stochastic resonance method is verified effective and
feasible to enhance the weak characteristic frequency. Based on the simulation analysis, it can be
proved the CWT-WSG stochastic resonance method is helpful for weak feature enhancement and
detection. Moreover, the result also shows the proposed method can provide a new idea for incipient
weak defect detection of the centrifugal compressor blade.

Amplitude

0 0.1 0.2 0.3 0.4 0.5
Time/s

Amplitude
(=]
o

0 1000 2000 3000 4000 5000 6000
Frequency/Hz

Figure 9. The time and frequency domain of signal after continuous wavelet transform (CWT).
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(=]

0 0.1 0.2 0.3 0.4 0.5
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0.1F

Amplitude

0 100 200 300 400 500

Frequency/Hz

Figure 10. The time and frequency domain after CWT-envelope analysis.
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Figure 11. The processed signal with stochastic resonance: (a) The output signal of stochastic resonance
system; (b) The frequency domain of output signal.

5. Application for the Actual Compressor Signal

5.1. The Experiment and Data Acquisition System

The centrifugal compressor test rig is shown in Figure 12 and it can be seen from the figure that
the test rig consists of motor, coupler, gear box, impeller and so forth. The impeller is a semi-open
one with 13 blades and 800 mm diameter. It is an experimental impeller used for engineering study.
The impeller is driven by the motor and its speed can be adjusted through the coupler and gear
box with the speed range from 500 rpm to 9000 rpm. In this experiment, the rotating speed of the
impeller is set as 5000 rpm and the corresponding shaft frequency and blade passing frequency are
5000/60 = 83.3 Hz and 5000 x 13/60 = 1083.3 Hz respectively. The detailed experimental parameters
are given in Table 1. In order to simulate the blade crack defect, a notch is machined on one blade of
the normal semi-open impeller. Strain signal of the blade and pressure pulsation signal of the airflow
are both collected during the rotation of the impeller and the relationship between the crack and the
acquired signal is studied with feature extraction method so that the crack can be accurately identified
at initially. The length of the crack shown in Figure 13 is 70 mm. As the thickness of the blade is
very large, the abnormal vibration amplitude caused by the blade crack is actually very weak, what’s
worse, the useful defect characteristic information contained indirectly in pressure pulsation signal
will be much weaker. Moreover, there is strong noise interference during the high-speed rotation of
the impeller. Therefore, the defect characteristic frequency is difficult to identify with traditional signal
processing methods. In order to improve this problem, the proposed CWT-WSG stochastic resonance
method will be applied on the acquired pressure pulsation signal.

In order to accurately collect crack defect information of the blade, appropriate data acquisition
system and sensors are needed to collect and read data. NI4472 eight channel dynamic signal
acquisition module, a synchronous signal acquisition module with 110 dB dynamic range, 24-bit
resolution and 102.4 kHz sampling frequency, is selected as the hardware and it constitutes the
test system with the DASP software of East China Institute of Noise and Vibration during the
experiment. Dynamic pressure sensors are used to monitor the pressure pulsation signal in the
experiment. The principle of the sensor is that sound wave can cause the vibration of air. The pulsant
air will then press the diaphragm and the diaphragm will generate an electric signal under the action of
the mechanical force. The test results are closely related to the arrangement of measuring points. How
to arrange the data points is a key factor to the success of the test and it is also an important guarantee
for the validity and accuracy of the data. In addition, measuring points positions play an important
role for the effective extraction of the blade crack information in the subsequent data processing step.
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Therefore, it is necessary to design measuring points reasonably before the experiment. The reasonable
positions of the measuring points must meet the following requirements: (1) The layout of measuring
points need to meet the requirements of the test; (2) The positions of measuring points need to ensure
the authenticity and validity of the test data; (3) The positions also need to meet the requirements
of site conditions, which means the test equipment should be placed on the points easily and safely.
The pressure sensors are placed on the impeller inlet, the diffuser inlet and exit respectively to monitor
the pressure pulsation signal in this experiment and Figure 14 shows the installation positions of
pressure sensors.

volute

electromotor driven gear

(b)

Figure 12. The centrifugal compressor test rig: (a) Schematic for the test-rig; (b) Experimental
centrifugal compressor.

Table 1. Test parameters.

Speed Blade Number Shaft Frequency Blade Passing Frequency =~ The Length of Crack
5000 rpm 13 83.3Hz 1083.3 Hz 70 mm

Figure 13. The impeller and crack.
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Figure 14. The installation location of sensors.

Considering the defect characteristic is weak, the used pressure sensors should be placed near the
position of the rotating impeller. According to the actual situation of the ®800 test rig, radial holes are
machined in the selected measuring points so that pressure sensors can be embedded. The probe of
sound pressure transducer stretches a certain distance into the pipe inner wall, which is very close to
the impeller so that the useful pressure signal containing the crack information can be obtained. PCB
106B is chosen as the sound pressure sensor in the experiment. The maximum dynamic pressure it can
withstand is 68.9 KPa.

5.2. Pressure Pulsation Signal Analysis

Pressure pulsation signal is generated due to the interaction between the rotor and the stator
inside the compressor and the main characteristic frequencies in normal operation conditions are blade
passing frequency and its harmonic frequencies. In order to get crack information of the cracked blade
comprehensively, a test is carried out on a compressor with a cracked blade at 5000 rpm working
condition. Pressure pulsation signal of the three positions mentioned above are collected synchronously
with multi-channel acquisition system. Figure 15 shows the time and frequency domain of the sampled
pressure pulsation signal at 5000 rpm. As the blade passing frequency 1083.3 Hz belongs to high
frequency component and the characteristic frequency induced by blade crack is a low frequency
component, so this characteristic frequency will be modulated to blade passing frequency during
the rotation of the blade. However, the obvious modulated frequency in Figure 15 is two times shaft
frequency 166.6 Hz which may be caused by the misalignment of the shaft and there aren’t other
obvious modulated frequencies except it, which means the weak feature information caused by blade
crack can’t be identified by general spectrum analysis.
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Figure 15. Time and frequency domain of pressure pulsation signal under 5000 rpm.

Therefore, the feature frequency caused by blade crack needs to be demodulated with further
analysis. As the blade passing frequency is 1083.33 Hz, CWT is first used to filter the signal around



Sensors 2018, 18, 1264 15 of 19

1083 Hz and the filtered signal is reconstructed through continuous wavelet inverse transform shown
as Figure 16. Envelope spectrum analysis is then used for the filtered signal and the result is shown
in Figure 17. The two frequencies marked with red circles in Figure 17 are 53 Hz and 106 Hz
respectively, that is to say, there exists typical frequency multiplication relationship between the
fundamental frequency 53 Hz and the harmonic frequency 106 Hz. It can be determined that 53 Hz is
the characteristic frequency excited by blade crack which will be verified by strain test shown in the
following but it is not clear enough due to strong noise interference. Moreover, it can also be found the
two times shaft frequency component 166.6 Hz marked with red rectangle is more obvious compared
with 53 Hz. Therefore, WSG stochastic resonance model is absolutely necessary to further process the
envelope signal for the purpose of enhancing the weak characteristic frequency 53 Hz.
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= . L ‘
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Figure 16. The filtered signal through CWT.
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Figure 17. Envelope analysis for filtered pressure pulsation signal under 5000 rpm.

According to the optimization result of GA, the optimal parameters of the WSG stochastic
resonance model are setas V; = 0.7,V = 3.1,R; = 6.7,R; = 89,a = 0.14 respectively and the
corresponding rescaling factor k is set as 1000 to change 53 Hz into small parameter. Calculate the
output signal and go ahead with spectrum analysis by Fourier transform. The obtained output signal
and the corresponding spectrum are shown by Figure 18 and it can be seen the characteristic frequency
53 Hz marked by red circle is more obvious than two times shaft frequency 166.6 Hz marked by red
rectangle. Comparing Figures 17 and 18, it can be clearly found the characteristic frequency is much
easier to be identified with the further processing of stochastic resonance. Therefore, it can be known
the effective weak crack information enhancement is achieved by the proposed CWT-WSG stochastic
resonance method.

It can be concluded from the above analysis that a low vibration frequency 53 Hz is generated
for the cracked blade during the rotation of the impeller. This low frequency vibration of the cracked
blade will act on the air and can be found from pressure pulsation signal nearby. As blade passing
frequency belongs to high frequency component, the 53 Hz will be modulated to it seen as the sideband.
CWT-envelope method can’t extract this weak defect frequency effectively because of the strong noise
interference. Conversely, this characteristic frequency can be found easily with further processing by
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CWT-WSG stochastic resonance method. In order to further verify the validity of the result, strain test
and analysis are also conducted described as follows.
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Frequency/Hz

Figure 18. The output signal of stochastic resonance model under 5000 rpm.

5.3. Verification Analysis of Strain Data

The blade’s strain test acquisition system consists of a SG403/5G404 four-channel wireless
strain sensor node, a wireless receiving gateway, BeeDate wireless sensor network software and
BF120-2A AGN20-W strain gauges. The installation of the wireless strain node is shown in Figure 19.
Strain signal is sampled both from the cracked blade and the adjacent normal blade and the installation
positions of strain gauges are shown in Figure 20, wherein position 1,2,3 are attached on the cracked
blade and position 4 is on a normal blade.

Figure 19. The installation of wireless strain node.

Analysing the strain signal obtained at 5000 rpm working condition. The acquired spectrums are
shown in Figure 21 and it can be seen from the result that the blade’s defect frequency of 53 Hz can be
detected at position 2 and position 3. This characteristic frequency at measuring point 2 which is near
the crack is more obvious but it cannot be found at point 4, which is on the normal blade. Based on the
analysis result of the strain signal, it can be found that the low frequency of 53 Hz exists both in the
strain signal and the pressure pulsation signal. In order to further ensure the reliability of the identified
defect frequency, the strain signal is also sampled and analysed at 4000 rpm and 4500 rpm working
conditions. The defect characteristic frequency can still be obviously extracted from the frequency
spectrums. Moreover, there will exist a low frequency component modulated to the high frequency
component-blade passing frequency in the condition that the impeller blade is cracked according to
References [5,25]. Therefore, it can be proved that the proposed method is reliable and effective for the
condition monitoring and weak defect identification of the incipient blade crack.
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Figure 20. The installation position of strain gauges.
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Figure 21. The experimental strain results under 5000 rpm: (a) The experimental strain result of
position 1; (b) The experimental strain result of position 2; (c¢) The experimental strain result of
position 3; (d) The experimental strain result of position 4.
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6. Conclusions

Condition monitoring and incipient weak defect warning for centrifugal compressor blades is
always a big challenge as the impeller works in a closed space, which means the signal that can
effectively reflect the blade’s state is difficult to acquire. Traditional non-destructive testing and
evaluation (NDT&E) methods can determine the blade defect effectively, however, these methods
can only be performed during the shutdown period of the compressors, which are time-consuming
and costly. Therefore, they are not suitable for the long-term on-line condition monitoring of blades.
Considering the interaction between the rotating impeller and the airflow nearby, the blade’s abnormal
vibration induced by the crack defect will affect the around pressure pulsation of the airflow. Therefore,
pressure pulsation signal is used for the on-line condition monitoring and defect characteristic
extraction in this paper. However, as the characteristic information is usually weak together with
strong noise, traditional signal processing methods cannot identify it effectively. CWT is used to
pre-process the sampled signal and WSG stochastic resonance is then adopted to enhance the weak
characteristic frequency. GA is used to obtain the optimal parameters for improving the enhancement
performance of this stochastic resonance system. The accuracy of the proposed method is verified by
the strain experiment. In conclusion, this paper provides a new idea for the weak defect characteristic
enhancement and the identification of centrifugal compressor blades. For future research, a study on
multi-cracks of different sizes should be conducted by using a pressure pulsation signal, which can
make this method more helpful in practice. In addition, as the synergistic effect of noise can better
improve the characteristic enhancement performance of the stochastic resonance system, multi-scale
noise tuning can also be further studied in the future to achieve a better blade defect detection
performance for the proposed CWT-WSG stochastic resonance method.
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