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Research of Online Detection analytical methods and Experiment for
Automobile Transmission
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Abstract: According to the fact that transmission's test-on-line has been one important part of automobile industry
production line, the paper presents the method that combines order analysis with spectrum analysis to extract
characteristic signals, and combines support vector machine (SVM) with standard extremal for the quality
detection. The method extracts characteristic signals by making analysis of vibration signal and speed signal, and
then puts the characteristic signals into support vector machine model. While the system enriches the SVM
training samples by the standard extremal to get a more complete model of support vector machine to complete the
quality detection. The paper has made analytical description and experimental studies for the method of signal
processing and quality detection, the result shows that the method is simple and effective and has practical value.

Keywords: Transmission, Quality Detection, Order Analysis, SVM.
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1. Introduction

As an important part of automotive driveline, the quality of transmission has very large impact on the overall
performance of car. So the producer must make pre-delivery inspection to the transmission in the factory before
the transmission is put into operation. The fault signal produced during pre-delivery inspection is quite
complicated because there are multiple gears, shafts, bearings and other parts inside in transmission. If you want
to accurately diagnose the defect type and location of the transmission, it needs to select the appropriate signal
processing methods and quality testing methods. The analysis methods of noise and vibration signal usually
include domain analysis, spectral analysis and order analysis. Order analysis technology is a tool that associates
the spectrum and time course of the rotating parts with the RPM, which can better reveal the vibration
mechanism of rotating machinery fault. The pre-delivery inspection process of automotive transmission is a
nonlinear time-varying process. In order to avoid the phenomenon of frequency aliasing, and taking into account
the attenuation of the vibration signal transduction process and the effects of sensor installation location, the
paper combines order analysis theory with spectrum theory to extract characteristic signals. There are many
theories of quality detection, such as pattern recognition, neural networks, expert systems, support vector
machines and so on. The paper has selected the detection methods based on the statistical theory - support vector
machine(SVM). The method can effectively solve the problems of small sample learning™™. But when the sample
data increase, the corresponding convex programming problem is more complex, computing speed will be
slower?. The internal structure of automobile transmission is complex and types of defects are various. The
premise of using SVM must guarantee the support vector machine model contains comprehensive information of
defects. Therefore it needs to constantly enrich the support vector machine model in information. The system
enriches the SVM training samples by the standard extremal to get a more complete model of support vector
machine, so that can improve the accuracy and detection efficiency of transmission's online pre-delivery
inspection.
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2. The Methods of Signal Processing
2.1. Order Analysis

The substance of order analysis (also known as order tracking method) is to change time-domain
non-stationary signal into angle-domain stationary signal by resampling, and the characteristic signal is more
clearly shown by the Fourier transform. Shifting process of automotive transmission is a nonlinear time-varying
process, there will be aliasing phenomenon using conventional power spectral analysis for the situation of speed
changes!®l. Order analysis technology is a tool that associates the spectrum and time course of the rotating parts
with the RPM, which can better reveal the vibration mechanism of rotating machinery fault. So the paper selects
order analysis technology to analyze the vibration signal of the transmission test process. Common order tracking
methods usually include hardware order tracking method and the calculating order tracking method. In this article
the latter is chosen, therefore, it needs to synchronously access to the vibration signal and speed signal of the
transmission. Implementation steps are as follows:

(1) Synchronously access to the vibration signal and speed signal of the transmission.

(2) Make low-pass filtering of the vibration signal

(3) Obtain the time series of angle-domain by curve fitting to speed signal

(4) Resample the vibration signal using the time series of angle-domain to obtain the periodic signal of
angle-domain

(5) Make Fourier transform to the periodic signal of angle-domain to get the order spectrum

2.2. Cepstrum

Cepstrum analysis is also known as secondary spectrum analysis. It is a new technology in the science of
modern signal processing, also as a useful tool to detect periodic components of the complex spectrum. The
technology has been widely used in the detection and diagnosis of mechanical failure!. The structure of
transmission is so complex, that the original signal is mixed with all kinds of noise signals. Even if after filtering,
there will still be multi-ingredient sideband spectrum. The sideband can be simplified to a single spectral line by
spectrum analysis to facilitate the observation and analysis. The signals by processing are usually the convolution
Y(t) of vibration signal X(t) and system functions H(t). But in the cepstrum, because of the function of
deconvolution, the original relation of convolution between X (t) and H (t) is changed into additive relation and
the separation of the signal becomes simple. The characteristics signal of transmission is retained while noise
signal is eliminated in the cepstrum.

2.3. Order Cepstrum

Vibration signal obtained in the process of transmission's pre-delivery inspection is a non-stationary signals, it
can not be directly analyzed by FFT, or will cause the phenomenon of "frequency aliasing”. It needs to change
the time-domain non-stationary signals into angle domain periodic signal by resampling. As the re-sampling
signal is affected by the modulation and noise, order analysis without cepstrum analysis is difficult to produce
better analysis results. The cepstrum analysis has the function of deconvolution, if cepstrum analysis is used to
the angle-domain signal, the sideband can be simplified to a single spectral line, while the effect of noise is
inhibited. Cepstrum analysis is introduced to order analysis in efforts to identify the periodic information hidden
in the power spectrum. The theory of order cepstrum is as follows:

Set the Fourier transform of angle domain re-sampling signal x( 9 )is X (f), the function of power spectral
density is S_(f) , make inverse Fourier transform of the logarithm of power spectrum S, (f), the function of

order cepstrumc, (q) ™ is:

C. (@) =F"{logs, (f) "

F~Djs the inverse Fourier transform. g is the angle variable of cepstrum , referred to inverted order frequency.

3. The Theory of Quality Detection

Support Vector Machine (SVM) with excellent performance, have a wide range of applications in the field of
fault diagnosis of rotating machinery components™. For the non-linear classification, the data samples is mapped
to a high dimensional feature space @ from the original spaceR® using a nonlinear mapping ¢ ,and then seek
the optimal surface in the high dimensional feature space. The high dimensional feature space can be very high,
but support vector machine can cleverly solve the problem using Kernel Function. According to the functional
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theory, once a kernel function satisfies Mercer condition, that is K(x;,y;) = f () f(x;), it simply needs the

inner product in the high-dimensional space. The inner product can be implemented by the function of the
original space without knowing the specific form of transformation ¢(x) .. The optimization objective function
of quadratic programming problem is:

n 1 n
Q(a):;ai-azaiajyiyj}((xi’yj) @

ij=1

After calculating the optimized coefficientd, using the Eq.(2), the general form of support vector machine
classifier function is:

f(x) =sgn{z 0, yiK(xi,xj)+b} @)

SVM

K(x,x;) Isthe kernel function.

Support vector machine is applied to the defect classification of transmission in the article. According to a
small number of typical defects sample data in a given, the important objective of this detection system is to
achieve fast and accurate classification. To do this, the system selects the polynomial kernel function of a
smaller complexity of the algorithm to improve the detection speed. While the system enriches the SVM
training samples by the standard extremal to improve the accuracy of detection. The kernel function chosen is

the polynomial kernel function: K=y’ and d=1,2,3,..., as the order of polynomial. The kernel
function has a good global®. As shown in Fig. 1, firstly do time-domain average, order analysis and cepstrum
analysis to the original signal to get the order spectrum. And extract characteristic signal from the order spectrum,
that is the amplitude corresponding to characteristic order of gear and bearing and the three characteristic signals
of time domain. The characteristics signal above as the test samples are entered into the support vector machine
model to do the first quality detection of the current transmission. When the method of support vector machine
does not detect the defects, the system will do the second judgment using the standard extremal. The order
spectrum is compared with the standard extremal, if not beyond the standard extremal, the order spectrum is used
to update the standard extremal; if it exceeds, find out the corresponding order of the excess part, obtain the
defect type and location by querying the database. And the test samples will be used to update the training sample
library, and re-train the support vector machine model to make the model contain more information. Support
vector machine have the advantages of high speed and accuracy, but the internal structure of transmission is
complex, the types of defects contained in training samples are not comprehensive enough. The paper enriches
the SVM training samples by the standard extremal, so that support vector machine can quickly and accurately

detect the type of defect to achieve the result of high speed and accuracy.

Average
time-domain

Update the

s xtract the characteristic
training sample signal of order spectrum

libral

Traine support
vector machine
model

Support Vector
Machine Model

Query the

database to obtain

the defect type and
location

Obtain the order
exceed the
standard extremal

obtain defect || Modify and update
type and the standard
location extremal

( Output

Fig. 1 The Flow Chart of Quality Detection
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4. Experimental Verification

The experimental site is shown in Fig.2. The left is the pre-delivery inspection test rig, an automotive
transmission is installed on the rig, and the transmission is being detection; the right is the software testing
platform to detect if the transmission is eligibility.

Fig. 2 The experimental site

The transmission structure diagram is shown in the Fig.3. The gear parameters are shown in Table 1, and the
bearing parameters are shown in Table 2. The transmission speed is changed by the change of transmission ratio.
The transmission analysis results under different rotation speed are different, so each axis of different stalls is

corresponding to different standard extremal.
a 1 2 3 4 Input shaft

SN

[
—

JiC

VAR

c 11 22 33 44 55 RR d  Output shaft

Fig. 3 The transmission structure diagram

Table 1 Gear parameters

Code Number of teeth Code Number of teeth
1 11 11 40
2 22 22 45
3 29 33 41
4 39 44 41
5 41 55 35
6 13 66 47

Table 2 Bearing parameters

Code Bearing diameter Roller diameter Contact angle Number of rollers
a 24.25 2.55 1 21
b 21.24 13.8 1 7
c 39.38 5.136 1 21

[any

d 26.16 4.16 14
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The sampling frequency of vibration signal is 5000Hz in the experiment, and the encoder is 2000 lines / rev.
The analysis object is the input shaft in raising speed state in the experiment, the number of analysis revolutions
is 4, the number of time-domain average is 3, and the analysis order is 256. It intercepts the input shaft signal,
and the number of pulses isM >2000x3x4. Then the interception dates are uploaded to the signal processing
module for analysis. The analysis points are 1024. The interpolation angle is 1.4. Data interception point is
24000. The characteristic parameters are shown in Table 3 according to Tablel and Table2 and the
characteristic order formula of gear and bearing.

Table 3 Characteristic order

Order of shaft(fr) 1 Rolling body rotation order of “a” bearing(fy,) 8.4fr

Gear meshing order(fm) 111, The outer ring order of “b” bearing (fy,) 1.2fr

The outer ring order of “a” bearing(fy,)  9.3f; The inter ring order of “b” bearing (f,,) 5.8fr
The inter ring order of “a” bearing (f;,) 11.6f; Rolling body rotation order of “b” bearing (f,,) 0.4fr

The output vector SVM classification result is Y={1 2 3}. “1” represents normal transmission state; “2”
represents misalignment of gear on the input shaft; “3” represents surface machining error of gear on the input
shaft. The following discusses the results of the analysis of three states.

4.1 The normal state of the automotive transmission

The order cepstrums of normal state is shown in Fig.4. It can get by the above calculation of characteristic
order that, it should appear peak at the axis of shaft order, second harmonic, gear mesh order and the outer ring
order of “a” bearing in the normal state. Due to the function of spectrum, it makes the power spectrum effectively
inhibit the effect of noise, and the power spectrum of the periodic component is simplified to a single spectral line
for observations and feature extraction signal.

3 T L. L. T T L. T T L. T T T T L.

25k —

< Amplitude(dB)
n
T
|

1 [ ]
W2
N 0.4493

[u]
0 B8 10024 32 40 45 56 B4 72 80 85 965 104 112120128136 144 152160 165 176 184 192200 208 216 224 232 240 245 256
order(f)

Fig. 4 The order cepstrums of normal state

The time-domain characteristic values include: RMS (x1), Peak (x2), Crest (x3). The frequency-domain
characteristic values include: the shaft order (x4), the second harmonic of shaft order (x5), the outer ring order of
“a” bearing (x6), the inter ring order of “a” bearing (x7), the rolling body rotation order of “a” bearing (x8), the
outer ring order of “b” bearing (x9), the inter ring order of “b” bearing (x10), the rolling body rotation order of
“b” bearing (x11), gear mesh order (x12), the second harmonic of gear mesh order (x13). The time-domain
characteristic values and the frequency-domain characteristic values extracted are shown in Table 4.

Table 4 Characteristic values

x1 X2 x3
0.8600 0.3641 2.3620
x4 x5 X6 X7 X8 X9 x10 x11 x12 x13

0.1139 0.4493 0.8600 0.7702 0.0012 0.0081 0.1511 0.7083 0.3463 0.0315

In this test, the output of SVM maodel is “1”. It indicates the transmission has no defect. On the basis of the
system detection principle, if it indicates the transmission has no defect by the method of SVM, the system
needs the second detection with the method of the standard extremal. The detection result is shown in Fig.5. The
red line is the standard extremal, while the blue line is the order cepstrums of the transmission. We can see that




220

the order cepstrum did not exceed the standard extremal
detections is the same.
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, S0 the transmission has no defect and the result of two
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Fig. 5 The standard extremal

4.2 The misalignment of gear of the automotive transmission

The order cepstrums of misalignment is shown in Fig.6. The amplitude in Fig.6 exceeded significantly the
amplitude in Fig.4. And the Fig.6 has included the second harmonic and the third harmonic of gear mesh order.
The characteristic values extracted by signal processing are shown in Table 5. Put the characteristic values vector

into the SVM model, the output of the model is “2”. It indicates that there is the defect of misalignment in the
gear.

Table 5 Characteristic values

x1 X2 x3
1.9810 0.4165 4.7563
x4 X5 X6 X7 x8 X9 x10 x11 x12 x13
0.5621 0.5786 0.9609 1.0716 0.1526 0.8106 0.8852 0.0153 1.9810 0.9235

2.5+

< Amplitude(dE)

Fig. 6 The order cepstrums of misalignment of gear

4.3 The surface machining error of gear of the automotive transmission

The order cepstrums of surface machining error is shown in Fig.7. The gear mesh order and its harmonic has
appeared the peak in Fig.7. In addition to this, there is also “ghost line” in Fig.7 between the gear mesh order and
the second harmonic, the second harmonic and the third harmonic. As a frequency component of the power
spectrum, “ghost line” is a periodic component from the machining process because of processing errors. The
characteristic values extracted by signal processing are shown in Table 6. Put the characteristic values vector into

the SVM model, the output of the model is “3”. It indicates that there is the defect of surface machining error in
the gear.
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Fig. 7 The order cepstrums of surface machining error of gear

Table 6 Characteristic values

x1 X2 X3
1.5321 0.3643 4.2056
x4 x5 X6 X7 X8 X9 x10 x11 x12 x13

0.9275 0.7910 0.5394 0.9764 0.2017 0.7546 0.1058 0.0247 0.7368 0.8298

5. Conclusion

The running test and inspection of transmission in the factory is very important to ensure the quality of
automotive transmission. An efficient and reliable quality detection method is a key technology for pre-delivery
inspection. Therefore, the paper presents the method that combines order analysis theory with spectrum theory to
extract characteristic signals, and combines support vector machine with standard extremal for the quality
detection. According to the non-stationary vibration signals during the variable speed process of pre-delivery
inspection, it has solved the phenomenon of "frequency aliasing™ using the technology of order analysis and
cepstrum. Meanwhile it eliminates the sideband of power spectrum and extracts effectively the characteristic
signal; the input vector composed of characteristic signal will be input to the support vector machine model,
while enriching the SVM training samples by the standard extremal to get a more complete model of support
vector machine, so that it can realize the online quality detection of pre-delivery inspection. The experimental
study also shows that the method can effectively achieve the detection of the transmission quality.
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Abstract: This paper proposes a novel fault diagnosis method for rotating machinery based on symptom
parameters and Bayesian Network. Non-dimensional symptom parameters in frequency domain calculated from
vibration signals are defined for reflecting the features of vibration signals. In addition, sensitive evaluation
method for selecting good non-dimensional symptom parameters using the method of discrimination index is
also proposed for detecting and distinguishing faults in rotating machinery. Finally, the application example of
diagnosis for a roller bearing by Bayesian Network is given. Diagnosis results show the methods proposed in
this paper are effective.
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1. Introduction

In the filed of condition diagnosis of machinery, one of effective and practical methods is vibration analysis.
Using the vibration signal for the monitoring and fault diagnosis of the rotating machinery are become more and
more important to prevent accidents and reduce financial loss. Furthermore, when developing intelligent
condition diagnosis system by computer, Symptom parameters (SPs) used for the input of Bayesian Network
system are must be defined to distinguish states of machinery beforehand. Because the accuracy of fault
diagnosis depends on SPs, it is most important that excellent SPs calculated by the feature of fault states of
machinery can be sensitively obtained. However, in many cases of the condition diagnosis for rotating
machinery, especially in an early stage of a fault, the effect of noise in the signal measured for the diagnosis is so
strong that the symptom of the fault is not evident and there are a lot of ambiguous relationships between
symptom parameters and failure types of plant machinery, so failure types of plant machinery cannot be easily
identified.

This paper proposes a new fault diagnosis method for rotating machinery based on non-dimensional symptom
parameters and Bayesian Network. Non-dimensional symptom parameters in the frequency domain are defined to
reflect the features of vibration signals measured in each state. Moreover, sensitive evaluation method for
selecting good non-dimensional symptom parameters using the method of discrimination index is also proposed
for detecting and distinguishing faults in rotating machinery. Practical examples of faults diagnosis for a roller
bearing are provided to verify the effectiveness of the proposed method. The results verify that the faults that
often occur in motor bearing, such as a outer-race defect state, a inner-race defect state and a element defect state,
are effectively identified by the proposed method.

2. Symptom Parameters and Sensitivity Evaluation

2.1 Symptom Parameters (SPs) for Fault Diagnosis
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For automatic diagnosis, many SPs have been defined for condition diagnosis of machinery. Here, six of the
non-dimensional SPs, which are usually used to the failure diagnosis of plant machinery in the frequency domain,
are considered as follows:
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Here, | is the number of spectrum, f, is frequency, F(f,) means the spectrum value of f., f isthe mean
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2.2 Detection Index for Evaluating Symptom Parameters

Supposing that x; and x, are values of a symptom parameter (SP) calculated from the signals measured in state
1 and state 2, respectively, and conforming respectively to the normal distributions N(v,,o,) and N(v,,o,) -

Here, vand o are the average and standard deviation of the SP. The larger the value of 1%, — %,| is the higher

the sensitivity of distinguishing the two states by the SP. Because z =X, — X, also conforms to the normal
distribution N (v, —v,,0, + &), there is the following density function about z

f(z)= 1 exp{{Z — (v, — Ul)}z} -

\/271'((712 + o) 2(of +o3)

Here, v, >u,(the same conclusion can be drawn when (o, > v,). The probability can be calculated with the
following formula

P, = [ f(2)d
0 - z (8)
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Here, 1— p,is called the “Discrimination Rate (DR)”. With the substitution
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Into Formulas (7) and (8), the p,can be obtained by
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Here, the DI (Discrimination Index) is calculated by

= Y2 o py-_X2TX1 (11)
ol + o2 Joi +o2
It is obvious that the larger the value of the DI, the larger the value of the “Discrimination Rare
(DI =1— p,)” will be, and therefore, the better the SP will be. Thus, the DI can be used as the index of the

quality to evaluate the distinguishing sensitivity of the SP.

DI

3. Bayesian Network
3.1 Introduce to Bayesian Network

Bayesian networks provide a means of parsimoniously expressing joint probability distributions over many
interrelated hypotheses. A Bayesian network consists of a directed acyclic graph (DAG) and a set of local
distributions. Each node in the graph represents a random variable. A random variable denotes an attribute,
feature, or hypothesis about which we may be uncertain. Each random variable has a set of mutually exclusive
and collectively exhaustive possible values. That is, exactly one of the possible values is or will be the actual
value, and we are uncertain about which one it is. The graph represents direct qualitative dependence
relationships; the local distributions represent quantitative information about the strength of those dependencies.
The graph and the local distributions together represent a joint distribution over the random variables denoted by
the nodes of the graph.

In probability theory and statistics, Bayes theorem (alternatively Bayes law or Bayes rule) is a central theorem
with two distinct interpretations. In the Bayesian interpretation, it expresses how a subjective degree of belief
should rationally change to account for evidence. In the frequentist interpretation, it relates inverse
representations of the probabilities concerning two events. In the Bayesian interpretation, Bayes theorem is
fundamental to Bayesian statistics, and is widely applied in fields including science, engineering, medicine and
law. The application of Bayes theorem to update beliefs is called Bayesian inference.

Mathematically, Bayes theorem gives the relationship between the probabilities of A and B, P(A) and P(B),
and the conditional probabilities of A given B and B given A, P(A | B) and P(B | A). In its most common form, it
is:

P(B[AP(A)

P(A|B) = P(B)

(12)

For proposition A and evidence B,

P(A), the prior, is the initial degree of belief in A.

P(A | B), the posterior, is the degree of belief having accounted for B.

P(B | A) / P(B) represents the support B provides for A.

In the Bayesian interpretation, probability measures a degree of belief. Bayes theorem then links the degree of
belief in a proposition before and after accounting for evidence.

3.2 BN Learning

In many practical settings the BN is unknown and one needs to learn it from the data. This problem is known
as the BN learning problem, which can be stated informally as follows: Given training data and prior information
(e.g., expert knowledge, casual relationships), estimate the graph topology and the parameters of the JPD in the
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BN. Learning the BN structure is considered a harder problem than learning the BN parameters. Moreover,
another obstacle arises in situations of partial observation when nodes are hidden or when data is missing.

In general, the other learning cases are computationally intractable. In the second case with known structure
and partial observation, one can use the EM (expectation maximization) algorithm to find a locally optimal
maximum-likelihood estimate of the parameters. MCMC is an alternative approach that has been used to estimate
the parameters of the BN model. In the third case, the goal is to learn a DAG that best explains the data. This is
an NP-hard problem, since the number of DAGs on N variables is super exponential in N. One approach is to
proceed with the simplest assumption that the variables are conditionally independent given a class, which is
represented by a single common parent node to all the variable nodes. This structure corresponds to the BN,
which surprisingly is found to provide reasonably good results in some practical problems. To compute the
Bayesian score in the fourth case with partial observation and unknown graph structure, one has to marginalize
out the hidden nodes as well as the parameters. Since this is usually intractable, it is common to use an
asymptotic approximation to the posterior called Bayesian information criterion (BIC) also known as the
minimum description length (MDL) approach. In this case one considers the trade-off effects between the
likelihood term and a penalty term associated with the model complexity. An alternative approach is to conduct
local search steps inside of the M step of the EM algorithm, known as structural EM, that presumably converges
to a local maximum of the BIC score.

4. Diagnosis and Application

4.1 Experimental System for Fault Diagnosis

Fig. 1 shows the experiments for roller bearing fault diagnosis test. Fig. 2 shows the defect of bearing. Raw
vibration signals measured in the outer-race, inner-race, rolling element states are shown in Fig. 3 at a constant
speed (800 rpm). The sampling frequency of the signal measurement is 50 kHz, and the sampling time is 20 s.

Fig. 2 Bearing defects (a)Outer-race defect (b)Inner-race defect (c)Roller defect
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4.2 The evaluating results of diagnostic sensitivity

The Table 1 shows the evaluating results of diagnosis sensitivity by DI. According to the evaluating results
shown in Tablel, P, P, and P, are better for distinguishing the faults of roller bearing, because that the DI values
of P;, P, and P4 are larger than those of the other.

Table 1 The evaluating result for the flaw

signall P, P, Ps P4 Ps Pe
Normal —Inner-race 2.245 3.013 0.411 4.093 3.173 0.579
Normal — Outer-race 23.006 21.182 13.092 37.879 19.856 10.941

Normal — Rolling element 7.898 4,874 4.915 9.09 1.705 2.219
Rolling element — Outer-race 3.441 1.848 3.140 14.991 9.715 5.578
Rolling element —Inner race 4.682 4.110 3.374 9.776 0.11 1.997

Inner race — Outer-race 3.057 8.951 1.519 3.588 14.134  10.405

4.3 Establishment and verification of Bayesian Network in the fault diagnosis

In this paper, the Bayesian Network model for condition diagnosis based on Bayesian Network theory are
constructed, and shown in Fig. 4. In the Bayesian Network for condition diagnosis, the first layer is normal state
and abnormal state, the second layer is combination of outer-race, inner-race and rolling element states, and the
last layer is six symptom parameters calculated by Eq.(1-6) and the signals shown in Fig. 3.

The values and definitions of the state of each layer node respectively are shown in Tables 2-4.

In addition, before learning of Bayesian fault diagnosis Network, ensure the possible relationship between
parent nodes and children nodes is very important. Table 5 shows the node possible relationship and construct
model of this trial in Bayesian fault diagnosis Network. The Node in Table 5 is node name, the Model filial is the
relationship of each state.

According to the model filial shown in Table 5, Bayesian fault diagnosis Network Model is built as in Fig. 4.
The vibration signals measured in each state are dividing into two groups, one is used to input into the model for
learning and inference, the other is for verifying the effectiveness of Bayesian Network.

The inference results of the BN model for the condition diagnosis are shown in Table 6. In the Table 6 the
values are the probabilities which express the correct rate of distinguishing each state by the Bayesian Network.

Table 2 The values and definitions of the first layer

Normal States Values of each state
state(N) 0,1(0:abnormal; 1:normal)
Abnormal state(UN) 0,1(0:normal; 1:abnormal)

According to the diagnosis results above, the normal, the outer-race defect, the inner-race defect and the
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roller element defect states of the roller bearing can be automatically and correctly identified using the methods
proposed in this paper.

Table 3 The values and definitions of the second layer

States Values of each state
Outer-race 0,1(0: unknown state; 1:Yes)
Inner-race 0,1(0: unknown state; 1:Yes)

Rolling element 0,1(0: unknown state; 1:Yes)

Table 4 The values and definitions of the last layer

Symptom parameters Values
P, 1,2,3,4,5
P, 1,2,3,4,5
Ps 1,2,3,4,5
P4 1,2,3,4,5
Ps 1,2,3,4,5
Ps 1,2,3,4,5

Table 5 The relationship between nodes and model

Node Model Filial
N
UN

Inner *UN

Outer *UN

Element *UN

P, *N *UN *Inner *Quter *Element
P, *N *UN *Inner *Quter *Element
Ps N UN Inner Outer Element
P4 *N *UN * Inner * Quter * Element
Ps N UN Inner Outer Element
Pe *N *UN * Inner * Quter * Element

Fig. 4 Bayesian Network Model for the diagnosis
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Table 6 The diagnosis results

State Rate of distinguishing
Normal 0.985922
Outer-race 0.999965
Inner-race 0.984761
Rolling element 0.997524

5. Conclusions

In order to diagnose the faults of rotation machinery at an early stage, this paper proposed a new fault
diagnosis method for rotating machinery based on non-dimensional symptom parameters and Bayesian Network.
The six of non-dimensional symptom parameters were defined, which can effectively reflect the features of the
vibration signals measured in each state for the fault diagnosis of rotating machinery. Detection index (DI) using
statistical theory had also defined to evaluate the applicability of the NSPs for the condition diagnosis in each
frequency area. Finally, the Bayesian Network for condition diagnosis was constructed, by which the fault types
of rotation machinery could be identified. Practical examples of faults diagnosis for a roller bearing were
provided to verify the effectiveness of the proposed method. The results verified that the faults that often occur in
motor bearing, such as a outer-race defect state, a inner-race defect state and a element defect state, were
effectively identified by the proposed method.
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1. Introduction

In the field of condition-based maintenance, vibration diagnosis is often used for fault detection and state
discrimination for rotating machinery. The condition diagnosis of rotating machinery depends largely on the
feature analysis of vibration signals measured for the condition diagnosis because the signals carry dynamic
information about the machine state [1]-[3]. The vibration signals in different states show different features, that
is, when plant machinery is in an abnormal state, it will output sign sets corresponding to different faults . If the
vibration signals in each state can be automatically identified and classified using these features, intelligent
condition diagnosis for plant machinery can be achieved [4]-[6].

Roller bearings are an important part of and widely used in rotating machinery. The failure of a rolling
bearing may cause the breakdown of a rotating machine, and furthermore, serious consequences may arise due
to the failure. Therefore, fault diagnosis of rolling bearings is most important for guaranteeing production
efficiency and plant safety. Although fault diagnosis of rolling bearings is often artificially carried out using
time or frequency analysis of vibration signals, there is a need for a reliable, fast automated diagnosis method.

For above reasons, this paper proposes a hovel method of intelligent condition diagnosis for rotating machinery using
NSP and PSO to detect faults and distinguish fault types at an early stage. The ten NSPs in the time domain are
defined for reflecting the features of vibration signals measured in each state. The state identification for the
condition diagnosis of rotating machinery is converted to a clustering problem of the values of the NSPs, calculated from
vibration signals in different states of the machine. PSO is also introduced for this purpose. Moreover, SDI using
statistical theory has also defined to evaluate the applicability of the NSPs for the condition diagnosis measured
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in each state. The SDI can be used to indicate the fitness of a NSP for PSO. A practical example of condition
diagnosis for a rolling bearing used in the centrifugal fan system verifies that the method is effective.

2. Non-dimensional Symptom Parameters (NSPs) and Sensitivity Evaluation

2.1 Non-dimensional Symptom Parameters (NSPs) for Fault Diagnosis

When a computer is used for condition diagnosis of plant machinery, symptom parameters (SPs) are required
to express the information indicated by a signal measured for diagnosing machinery faults. A good symptom
parameter can correctly reflect states and the condition trend of plant machinery [7]-[9]. Many symptom
parameters have been defined in the pattern recognition field. Here, eight NSPs in the time domain, commonly
used for the fault diagnosis of plant machinery, are considered.

p=2 (1)
X

p, =11 @
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Here, x; is digital data of vibration signal. X is the mean value of Xi, X :iT. o is standard deviation of x;,
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Here, x,; is the peak value of x;. x, and o, are the mean value and standard deviation of x,;, respectively.
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Here, x,; is the valley value of x;. x, and o, are the mean value and standard deviation of x,;, respectively.

2.2. Detection Index

Supposing that x; and x, are values of a symptom parameter (SP) calculated from the signals measured in state
1 and state 2, respectively, and conforming respectively to the normal distributions N(u4,01)and N(u,07). Here, p

and o are the average and the standard deviation of the SP. The larger the value of |X2 - X1| is, the higher the

sensitivity of distinguishing the two states by the SP. Because z = x, — X; also conforms to the normal distribution
N(u2 — 11,01 + 05), there is the following density function about z:

\/271(0'12 +0, ) ( o +0,°) (1)

Here, 1o > w1 (the same conclusion can be drawn when u; > u,). The probability can be calculated with the
following formula

PU = I ?30 f (Z)dz (12)

Here, 1-Py is called the “Discrimination Rate (DR)”. With the substitution

_ z— (s, — 1)

lLl =
Joi +o,’ (13)

into (11) and (12), the P4 can be obtained by

zi -bI _ﬂ_z d
Vor J=on s, (14)

Here, the DI (Discrimination Index) is calculated by

B
Vo' +o) g, Joi+o, (15)

It is obvious that the larger the value of the DI, the larger the value of the "Discrimination Rate (DR=1-P,)" will
be, and therefore, the better the SP will be. Thus, the DI can be used as the index of the quality to evaluate the
distinguishing sensitivity of the SP.

The number of symptom parameters used for the diagnosis and fault types are M and N, respectively, and the
synthetic detection index (SDI) is defined as follows:

N-1

sDI _Zii |’: i (16)

i=1 j=i+lk=1 k+O-Jk
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Table 1 lists the diagnosis sensitivity standard for condition diagnosis.

Table 1 Diagnosis sensitivity for condition diagnosis

Detection Index Discrimination Rate Sensitivity
<0.85 <80% Low
0.85-1.30 80% - 90% Slightly low
1.30 - 1.65 90% - 95% Middle
1.65-2.33 95% - 99% High
>2.33 >99% Very high

3. Particle Swarm Optimization for Condition Diagnosis

In this study to effectively and automatically distinguish faults for condition monitoring of rotating
machinery, a new intelligent condition diagnosis method is proposed based on the NSPs and the PSO, the
problem of state identification for the condition diagnosis is converted into the clustering problem of the NSPs
calculated by vibration signals measured in different states, which will be solved by the PSO.

3.1 Brief of Particle Swarm Optimization

Particle swarm optimization (PSO) is a population based stochastic optimization technique developed by Dr.
Eberhart and Dr. Kennedy in 1995, inspired by social behavior of bird flocking or fish schooling [10]. In past
several years, PSO has been successfully applied in many research and application areas [11]-[13].

PSO algorithm is based on the groups, and according to the environmental fitness, individual in groups will
be moved to the good region. The algorithm evaluates the optimal result by using evolutionary fitness function
of group, and each particle in the algorithm has a fitness value determined by the fitness function, two properties
of position and speed that are used to show the location and moving speed of the current articles in the solving
space, by the fitness function value corresponding to particle position coordinate determines the performance of
particles. In PSO algorithm, each particle adjusts its location according to its own experience, and according to
the experience of a neighboring particle, making use of the best location encountered by itself and its neighbor.

In the R-dimensional search space, the i particle’s space location is defined as follows

P(i).location =[X;;, X;, --- Xz] (16)
The velocity of particle i is defined as follows
P(i).velocity =[V,;,V,,---Vir] 17)
The best previous location of particle i is defined as follows

P (i)-beSt :[Pil’ Piz "'PiR]

(18)
The best location among all particles experienced is defined as follows
g(i)best =[g;1, 9, -+ Oir] (19)
The particle updates the position and velocity according to the following equations:
P(i).velocity (t +1) = @P(i).velocity (t) +7,r,[P(i).best(t) — P(i).location (t)] (20)
+n,1,[g(i)best(t) — P(i).location (t)]
P(i).location (t +1) = P(i).location (t) + P(i).velocity (t +1) (21)

where r; and r, are the random numbers between (0, 1), and #; and 7, are the acceleration which constants the
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control of how far a particle moves in a single generation. Eberhart et al. suggested the values of 7, =7, = 2. The
inertia weight cwcontrols the previous velocity of particle, and it is defined as follows

a)=0.5+@
2

(22)

where rand is random generated number between 0 to 1.
3.2 Weight Particle Swarm Optimization

Although PSO algorithm is easy to realize, the method is easy to trap into local optimum. Shi and Eberhart
proposed a linearly decreasing weight particle swarm optimization (WPSO) of which, a linearly decreasing
inertia factor was introduced into the velocity of the updated equation from the original PSO [14],[15]. The
performance of WPSO is significantly improved over the original PSO because WPSO balances out the global
and local search abilities of the swarm effectively. In WPSO, ) is the inertia weight which linearly decreases
from 0.9 to 0.4 through the search process . The equation for the linearly decreased weight is defined as follows

o= . ~iteratiofmes Pnin (23)
iteratjar

In EqQ. (23), ®max IS 1, wmin is 0.1 and Iterationmax is the maximum number of the allowed iterations. The
velocity of the updated equation for WPSO is defined as follows

P(i).velocity (t +1) = &y P(i).velocity (t) +7,1,[P(i).best (t) — P(i).location (t)] (24)
+n,1,[g(i)best(t) — P(i).location (t)]

3.3 Fitness function for WPSO

Assume that N is the sample set of vibration signals measured in m different states, the length of N is n,
N={s1,S,...Sn}. Every sample signal has t identified symptoms (in this paper, the symptoms are P;-Py;). Then, the
clustering analysis is to divide n sample data into m states, such that the objective function F shown in (21) is
minimized.

m n 2
minF =33 a8, - X, (25)
j=1 i=1 k=1
zaijsik
Xjo=t— (j=12--mk=12---t) (26)

2.8

i=1

i=12---n;j=12---m (27)
0 if S estate] ) )

a =

{1 if S, estatej .

In this paper, the procedure for applying the PSO for the condition diagnosis is as follows:

(1) NSPs used for reflecting the features of sample signals are inputted into the PSO;

(2) Sample signals are randomly classified by PSO, and the clustering centers are calculated by Formula (26);

(3) According to the clustering centers, locations of particles are initialized;

(4) Initializing particles speed,;

(5) Evaluating the fitness value of each particle by Formula (25);

(6) To each particle, its adaptive value will compare with the best position Pbest (t) experienced, if the adaptive
value is better, will be regarded as the best present position Pbest (t).

(7) To ach particle, its adaptive value will compare with the best position gbest (t) overall situation experienced,
if better, then reset the index of gbest(t)
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(8) According to the Equations (21) and (24) update the location and the speed of particles;
(9) Steps (5) — (8) are looped until the ending condition is satisfied.

4. Diagnosis and Verification

Fig. 1 shows the centrifugal fan system for rolling bearing fault diagnosis test. The most commonly
occurring faults in a rolling element bearing are the outer-race defect, the inner-race defect, and the roller
element defect. These fault bearings are shown in Fig. 2 and were artificially made with the use of a
wire-cutting machine. The bearings were utilized, and specifications of the test bearing, the size of the faults,
and other necessary information are listed in Table 2.

In this work the accelerometer (PCB MA352A60) with a bandwidth from 5 Hz to 60 kHz and 10 mV/g
output was used to measure the vibration signals of the vertical direction in the normal(N), the outer-race
defect(O), the inner-race defect(l), and the roller element defect(R) respectively. The vibration signals measured
by the accelerometer were transformed into the signal recorder (Scope Coder DL750) after being magnified by
the sensor signal conditioner (PCB ICP Model 480C02). The original vibration signals in each state shown in
Fig. 3 were measured at a constant speed (800 rpm). The sampling frequency of the signal measurement was 50
kHz, and the sampling time was 20 s.

accelerometer

Fig. 2 Bearing defects (a) Outer-race defect. (b) Inner-race defect. (c) Roller defect

Table 2 Bearing Information for verification

Contents Parameters
Bearing outer diameter 52 mm
Bearing inner diameter 25 mm
Bearing width 15 mm
Bearing roller diameter 7 mm
The number of the rollers 11
Contact angle 0 rad
Outer-race defect 0.3 *0.25 mm (width * depth).
Inner-race defect 0.3 *0.25 mm (width * depth)

Rolling element defect

0.5 * 0.15 mm (width * depth)
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Fig. 3 Raw vibration signals of the bearing used in the centrifugal fan system (a) in the normal state (b) in the
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Table 3 SDI of each NSP

NSPs SDI Dl Dlin
P.P,P; 40.35 15.31 0.26
P.P,P, 37.68 12.56 0.26
PsPeP; 99.17 45.39 0.852
PsPePs 110.85 45.39 1.35
P-PePg 50.84 11.04 0.55

P&Ps Py 55.83 11.04 0.86
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In this study the good NSPs which have high sensitivity for distinguishing each fault state of the bearing are
selected by the method of SDI. As an example, Table3 lists parts of SDIs of NSPs calculated by formulas (1)-(10).
The maximum value (110.85) of SDI is obtained in the case of the combination of Ps, Psand Pg, and when Ps, Psand
Ps are used for distinguishing each state separately, the Dls are larger than 1.35, all of the DRs are larger than 90%.
Therefore, the combination of Ps, Psand Pg has high sensitivity for distinguishing each fault state of the bearing.

In this research, the state identification for the condition diagnosis is converted to a clustering problem for the
values of the NSPs calculated from vibration signals measured in different states of the bearing. The PSO
automatically finds the optimal clustering centers and classify all sample data according to the amount of
information around the clustering centers. The purpose of training the PSO is the acquisition of optimum
clustering centers. The NSPs calculated using the signals measured in each state were input into the PSO. The
PSO converged to the optimum clustering centers. As an example, parts of the training data and their clustering
centers are shown in Table 4.

Table 4 Parts of acquired data of diagnosis for the PSO. (a) Normal state, (b) Outer-race defect state,

(c) Inner-race defect state, (d) Roller element defect state.

(a) Normal state

NSPs Clustering Center
Ps Ps Ps
2.878453 1.068688 1.312963
3.025416 1.854305 2.155492
2.841769 1.037276 1.087691 2.88 1.39 1.7
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(b) Outer-race defect state

NSPs .
Clustering Center
Ps Ps Pg
6.101696 6.648086 7.03251
6.099626 6.325836 7.13369
6.10457 6.836914 7.142626 6.09 6.53 [
(c) Inner-race defect state
NSPs .
Clustering Center
Ps Ps Ps
3.314811 19.654 25.194396
3.510085 20.814144 24.373076
4.094827 17.659119 20.85357 3.99 18.98 2030
(d) Roller element defect state
NSPs .
Clustering Center
Ps Ps Ps
5.190183 14.140374 14.449141
5.276201 10.818479 9.008349
5.24421 9.354266 9.880798 513 1294 11.58

(e) Table 5 Diagnosis result using proposed method

NSPs

Judge States Diagnostic
P P Py accuracy

2.729195 0.907776 0.818102 N
2.924529 1.228315 1.235438 N
2.878453 1.068688 1.312963 N

100%
3.025416 1.854305 2.155492 N
2.841769 1.037276 1.087691 N
6.072179 6.501908 7.523308 0
6.075658 6.563426 7.348812 0
6.096211 6.436205 7.199994 0

0,

6.101696 6.648086 7.03251 o) 100%
6.099626 6.325836 7.13369 0
4.050713 21.129965 21.718092 I
3.314811 19.654 25.194396 I 92.5%

3.510085 20.814144 24.373076 I
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4.094827 17.659119 20.85357 I
4.227996 17.521754 16.876144 I

4407554 2491525  16.203999
5207461  11.250889  8.976939
5261556  10.148004  8.690489
4260219 26053496  25.076406 87.5%

5.359627 9.92814 9.362753

o XU X1V W T

After training the PSO, to verify the diagnostic capability of the proposed method in this paper, the test data
measured in each known state that had not been used to train the PSO were used. When inputting the test data into
the trained PSO, the PSO classified the test data according to the information of the optimum clustering centers
shown in Table 4 and correctly and quickly output identification results. As an example, some diagnosis results are
listed in Table 5. These results verified the efficiency of the intelligent diagnosis method using NSPs and the PSO
proposed in this paper.

5. Conclusions

In order to diagnose faults of rotation machinery at an early stage, this paper proposed a novel method of
intelligent condition diagnosis for rotating machinery using NSP and PSO to detect faults and distinguish fault types at
an early stage. The ten NSPs in the time domain were defined for reflecting the features of vibration signals
measured in each state. The state identification for the condition diagnosis of rotating machinery was converted to a
clustering problem of the values of the NSPs, calculated from vibration signals in different states of the machine. PSO was
also introduced for this purpose. Moreover, SDI using statistical theory had also defined to evaluate the applicability
of the NSPs for the condition diagnosis measured in each state. The SDI could be used to indicate the fitness of
a NSP for PSO. A practical example of condition diagnosis for a rolling bearing used in the centrifugal fan
system verified that the method is effective.
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Abstract: An important issue in the lifetime data analysis of key parts of equipment is to specify the most
appropriate life distribution model. In this paper, weibull distribution as one of the most widely-used reliability
models is used for reliability assessment, which is based on the failure data obtained from measurements or
simulations. The unary two-parameter or three-parameter weibull model is applied in a system in which the
components are independent of each other, and the genetic algorithm(GA) which can search the globally optimal
solution is put forward to estimate the unknown parameters. Meanwhile, the Monte Carlo(MC) simulation is
adopted to analyze the failure rate under the breakdown and periodic maintenance strategy respectively.
Furthermore, so as to model the possibility of multiple failures more vigorously, the mixed weibull model is
introduced, and the expectation maximization(EM) algorithm which repeats the iteration process to convergence
is presented for the mixed parameters estimation. Finally, the relationship between model and parameters is
utilized to assess various reliability characteristic quantities. The results of case studies show that our method can
provide the decision-makers with quantitative references to improve the reliability, availability and safety of
equipment.

Keywords: Weibull Distribution, Key Parts, Genetic Algorithm, Monte Carlo Method, Expectation Maximization
Algorithm, Reliability Assessment.

Received: July 1,2012 / Accepted: May 8,2013 / Published: Sept. 10,2013

1. Introduction

A mechanical equipment is generally made up of several key parts, while the failures which happen among
them may result in machine stoppage or even system breakdown. Therefore, it is very important to carry out
reliability assessment for key parts of equipment [1]. In practical engineering projects, we often statistically
analyze reliability data to find out the failure distribution rule that can exactly reflect failure mechanism and
failure analysis result, and then perform reliability assessment and reliability prediction by fitting failure data into
certain distribution [2]. Based on statistical analysis results of the mean time between failure (MTBF) of bearings,
gears and other typical components, we find that the life expectancy of components, parts, equipment or systems
that suffer from partial fatigue failure or global failure all follow weibull distribution, so that it is more
comprehensive to analyze early fault, occasional fault and wearout fault using weibull distribution [3].

In recent years, researches on equipment reliability assessment which are based on weibull distribution model
have increased greatly and have achieved considerable results. There are several methods available in published
literatures to estimate weibull distribution parameters from a failure data set, such as the least square method, the
maximum likelihood estimation method, the graphic analysis method and so on, which, have been improved
constantly, thus making reliability assessment more accurate [4-6]. However, since the least square method
mainly depends on the empirical distribution function, the maximum likelihood method may not be solvable or
have more than one solution, and the accuracy of graphic analysis method is not high enough, a more robust
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method is needed. In this paper, GA and EM algorithm are proposed to overcome those shortcomings, with
examples showing that they can complete the task better.

Besides, it is well known that the reliability can be described by reliability index, and the failure rate is often
used as characteristic parameters to describe the failure behavior of equipment, so that we can find out failure
distribution by analyzing the change of failure rate, which is helpful for decision-makers to formulate
maintenance plans. Generally speaking, the changing trends of failure rate can be analyzed based on the
relationship between the model and parameters, but given the difficulty of solving the model, the scarcity of
reliability data and the complexity of traditional Markov process [7], it is necessary to find a method that is
independent of the states and subject to fewer conditions. A Monte Carlo method is used for this purpose, and
once the random variables are generated, we are able to conduct simulation and estimation [8].

The paper is structured as follows. Section 2 introduces the basic theories of the proposed method, and focuses
on the GA and the EM algorithm to estimate the parameters. Meanwhile, it shows how the Monte Carlo
simulation can be exploited to analyze the failure rate under the breakdown or preventive maintenance strategy.
Section 3 illustrates the effectiveness of the proposed methods using engineering cases. Section 4 concludes with
discussions and analysis.

2. Basic Theories
2.1 Reliability Index

From an engineering point of view, qualitative analysis of equipment reliability is far from satisfying
engineering demands, so it is necessary to carry out quantitative analysis. Only if we get reliability quantitatively
assessed, can we possibly propose the clear and unified requirements for equipment reliability management.
Those quantities which can measure reliability are called reliability index(RI) [9]. Commonly used reliability
index include reliability level, failure rate and life expectancy, etc.

Reliability level is described in Eq.(1).

R(t)=P(E)=p(T >t),0<R(t)<1. (1)
The failure rate is described in Eq.(2).
i An(t)
Al) = lim —=—.
® g:% [N —n(t)]- At @

Where N is the number of total products, n(t) is the number of failure products at time t, At is the interval
between two failures, and An(t) is the number of failure products in At .

The average life expectancy can be described in Eq.(3).
T = [ Rt . 3)

For non-repairable systems, T is the exact failure time , which is mean time to failure(MTTF); for repairable
systems, T stands for the time between two consecutive failures, which is mean time between failures(MTBF).

In order to improve the reliability of key parts of equipment, it is necessary to investigate failure causes and
to master failure mechanism. Only by comprehensively understanding these knowledge can we adopt effective
measures to improve the reliability.

2.2 The unary weibull distribution model

The following expression is applied to define the probability density function of the unary weibull
distribution.

E(t__r)bfl exp[— (t__r)b} (t=r)
a a a

f(t) = 4)

0 (t<r)
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Where t is the average life, which may be the time between failures or the time to failure, a, b and r are the
scale, shape and location parameter respectively. When r=0, Eq.(4) will become two-parameter weibull
distribution.

Different values of shape parameter b (b<1, b=1, b>1) are corresponding to different stages of the bathtub
curve separately, as shown in Fig.1. If we change the value of b, we can get different failure rate functions, so
that the unary weibull distribution is one of the most commonly used distributions in reliability assessment and
life expectancy analysis [9].

Decreasing | Constant Failure | Increasing Failure
Failure Rate Rate
| | Rate
I I
Early | | Wear Out
Failure | | Failure

Constant Failure

q) ’
3 | I I ’
x |\
e | % b<l I I b>1 .-
= . I b=1 |
LL ""'"-:':_: ----- 'I ---------------------- r_'::b‘-' --------------
T |
--‘-w'“--
— proer T .
| | >

Fig. 1 The bathtub curve and the failure rate curve of weibull distribution

2.2.1 Parameter estimation of the unary weibull distribution

Using the “survival of the fittest” principle, the genetic algorithm(GA) starts to produce a group of individuals
that are more adapted to the environment from any initial population. By random selection, crossover and
mutation, the groups could evolve into an area that is better and better from one generation to anther, until they
are converged to the individuals who are the most adapted to the environment, namely globally searching to the
optimal solution of the problem is accomplished [10].

The procedures of using GA to estimate the parameters are as follows.

(1) Establish the objective function, and we get the optimal parameters when Eq.(5) is minimal.

min f (x) = —i n[f(t, Q)] (5)

Where f (t; Q) is the probability density function of the unary weibull distribution, Q is the parameters of the

model and t; (i=1,2,...,n) is the observed values of the sample;

(2) Determination of the decision variations and its constraints: the decision variations in three-parameter
weibull distribution can be expressed as x=[x1,x2,x3]=[r,a,b]. However, it is difficult to determine the parameter
ranges, if the ranges are too wide, it may take longer time to converge and it is more likely to converge to local
maximum, while if ranges are too narrow, true parameter values may not be included. Based on previous research
achievements [11], the ranges can be set as 0<x1<tl ,0<x2<tn and 0<x3<5. If it’s two-parameter weibull
distribution we can just set r as O;
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(3) Producing the initial population: N initial string structure data are generated randomly, where each string
structure is an individual, and N structures form a group. Meanwhile, the maximum genetic algebra T is
determined (between 200 to 500);

(4) Coding: variables are converted into binary string, and the length of which depends on the desired
accuracy;

(5) Fitness evaluation: calculate the inferiority of individual or solution in a group;

(6) Selection, crossover and mutation: individuals of inferior fitness are phased out, and individuals of
superior fitness are retained, thus getting new generation of groups;

(7) Judging the terminal condition and deciding the optimal solution: when the iteration times T is reached,
stop iteration process ( otherwise go to step (3)), and ultimately the individual of maximal fitness is the optimal
solution of the objective function;

(8) Decoding: transform the binary string of the optimal solution into a practical value.

2.3 Mixed weibull distribution model [12]

The unary two-parameter or three-parameter weibull distribution model can analyze the failure rate of the
system of which the component is independent of each other. However, with the complexity of equipment
growing, the unary weibull distribution could not reflect the true failure mechanism of system accurately. For this
reason, the mixed weibull distribution is introduced.

K
The probability density function of mixed weibull distribution is expressed as f, (t) = ij f,(t), and we
j=1

K
can write the corresponding cumulative distribution function as F, (t) = ij F; (t), where k is the number of
j=1

Kk
mixtures, and constant W, stands for a weighting factor, satisfying ij =1.
j=1
A mixed probability density function of two-parameter weibull distribution is described as below:

b, 1, .
f(ty.a;) = a—’(;—')bJ 1exn{— (;—')b'} (©)
T i

]

2.3.1 Parameter estimation of the mixed weibull distribution

The aim of expectation maximization (EM) algorithm is to search for the maximum likelihood estimation of
parameters, and it is very effective when dealing with incomplete data and when the likelihood function
expression is too complex [13-14].

The unknown parameters in mixed weibull distribution could be estimated using EM algorithm, the main
steps of which are shown as follows.

(1) Give the initial value of parameters;

(2) E step (expectation);

n k

Q©,6%)=3 > f(if;, ©)lg {Wi f (&, ‘91 )} (7

i=1 j=1

According to Bayesian’s viewpoint, we calculate the posterior probability of model j given a group of failure
data t;:

w £ (0
f(ift;, ©9) = o (4 ®
PAURAGIR)

=

Where WES) is the current coefficient, HJ.‘S) is the current unknown parameters;
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(3) M step (maximization); re-estimation of model parameters, maximize Eg. (7) to obtain new parameters
estimation @Y where @“* =arg max Q(®,09), and estimate the maximum likelihood function of

parameters by the combination of Eq.(6), (7) and (8). Finally, we can get the new parameters as follow:

S+, 1 > H S
W =2t ©) ©)
i=1
w f (t.|0®
f(j|ti|®(5)): - J J( ‘ ] ) (10)
ngs)fj(ti‘ej(s))
j=1

> 1(f0)g) Y F(i0 ogt)
i=1 =l

+
(s b (s+1)
) ]
I

=0 (11)

Y (i 0%) > (.09
i=1 i=1

(4) Judge whether convergence is reached: if the convergence criterion‘Q(@,(a(s))—Q(@,@“*l))‘ <eis

satisfied, stop the iteration, otherwise, return to step (2), where accuracy e can be set to 0.0001.
Repeating E step and M step in an iterative manner until the calculation converges to the maximum likelihood
solution, thus getting the optimal parameters.

2.4 Monte Carlo Simulation

It is important to find a appropriate method to carry out quantitative reliability analysis. In this section, a
Monte Carlo (MC) approach is selected to analyze the failure rate for a systems under periodic maintenance
strategies, which is not easily done by analytical model.

Based on the principle of a statistical sampling, the Monte Carlo method, using the random number, counts,
samples or simulates randomly the relevant random variables to obtain statistical characteristic value as the
numerical solution of to-be-answered problem [15]. When the training samples are enough, the frequencies of
certain event will be close to its probability, and therefore it is feasible to apply the Monte Carlo method to
analyze the failure rate.

The model here proposed is based on the following assumptions: (a) the fault distribution has been clear, and
the occurrence of failure is random,; (b) the maintenance process is short, which means the time of fault diagnosis,
fault orientation, maintenance or replacement can all be neglected; (c) the repaired component can be restored to
an “as good as new”’condition [16].

The main process to simulate the failure rate is given as below:

(1) Generate a group of uniform random numbers ¢;and 0< g, <1,(i=1,2,...,n);

(2) Assume that the probability density function of f() working life or maintenance time of the mechanical
system follows the weibull distribution, and then the random sampling value can be obtained directly

fromt'=r+a-}/-In(1-¢,);

(3) Calculate each model according to the maintenance strategy and the corresponding condition;
(4) Repeat the process above N times (for example 10000 in this paper);

(5) For each simulation period, divide the simulation time lim into the j intervals denoted by At; (j=1,2,...),
count the number h ( failure times) in each interval, and then use the number h divided by the total failure times N,
to get the failure rate.

The simulation process is shown in Fig.2.

3. Case studies

3.1 Example No.1
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A group of fatigue data of specimens from literature [17] is listed in Table 1.

(1) Model establishment and parameters estimation

The data set is presented in the form of a convex curve on the weibull probability plot, based on which we can
establish the unary three-parameter weibull model [18]. The relationship between the iteration number and the
objective function values obtained by the GA can be observed from Fig.3, and when the number is close to 20,
the objective function gradually reaches its minimal value, in other words, convergences to the optimal solution
of the problem, but the average value of population is different due to the production of various random number.

Table 1 The fatigue data of specimens

Fatigue life statistics (h)

350 380 400 430 450 470 480
500 520 540 550 570 600 610
630 650 670 730 770 840

Begin

[y

Random number generator

Y
Random changes

v

Model calculation

Condition judgement

Statistics results calculation

A
End

Fig. 2 The flow diagram of the MC simulation
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Fig. 3 The change of objective function values based on GA



247 M. Zhou, J. Yang, W. Liu, W.
Xu and X. Ke

The estimated shape parameters b is 2.0512, scale parameter a is 283.2524 and position parameter r is
306.8157; the optimal values of objective function is 124.5816, while the fitting results show that the data
generally fall on the fitting line (see Fig.4), so the application of three-parameter weibull to model the complete
life of a system is suitable.
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Fig. 4 The fitting result based on GA

Using the relation between the model and parameters, the mean time between failure can be determined from:

MTBF =r + al“[l+%j =557.7456h (12)

Finally, the theoretical failure rate is obtained by

1
A=——-=0.0018/h 13
MTBF / (1)

(2) Monte Carlo simulation to analyze the failure rate

In the simulation, we conduct random sampling on a weibull distribution with the scale, shape and location
parameter of 283.2524, 2.0512 and 306.8157 respectively, and then generate n random numbers as failure times
of components. The maximum simulation time lim is 3000h, during which period we count the number of failure

in each time interval At =200h when N=10000. We can divide this number by total simulation number, and the
result is the failure rate we wanted, which can be expressed by AZ The simulation result is shown in Fig.5.

Probability

1 | 1 | 1
0 500 1000 1500 2000 2500 3000
time
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Fig. 5 The failure rate of component via MC simulation under the breakdown maintenance strategy

We notice that failure rate gradually becomes a constant with the simulation time increasing under the
breakdown maintenance strategy, and the true value via Monte Carlo simulation is

h=AL AL (14)

We can get the deviation between two methods.

[A-4]
(= - x 100% (15)

Comparing the analytical results above with those obtained by the Monte Carlo simulation, we can derive
some facts as shown in Table 2.

Table 2 The comparison between the simulation value and the theoretical value

At [1800, [2000, [2200, [2400, [2600, [2800,

i 2000] 2200] 2400] 2600] 2800] 3000]
AL 0.35104 0.36134 0.36170 0.35376 0.36222 0.35986
.y 0.00176 0.00181 0.00181 0.00177 0.00181 0.00180

A 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018

14 0.0249 0.0037 0.0047 0.0173 0.0062 0.0004

It can be seen from Table.2 that the maximum deviation is 2.49% between the real value and theoretical value.
Obviously, the real value of the Monte Carlo simulation is very close to its theoretical value, so the deviation can
be neglected, which, validates the correctness and effectiveness of Monte Carlo method.

The Monte Carlo simulation is therefore introduced for age and batch replacement under preventive
maintenance strategy (their principles are shown in Fig.6 and 7), the initial conditions of which stay as same as
those mentioned above. We set regular maintenance period T to 600h. As can be observed from Fig.8 and 9, the
failure rate changes periodically with the amplitude diminishing under the age replacement maintenance strategy,
but repeats the same periodical changes under the batch replacement maintenance strategy. It is clear that the
failure rate is influenced by the maintenance strategy. If no maintenance action is taken, the failure rate is a
constantly 0.0018/h. Given the preventive maintenance period T=600, the failure rate decreases significantly, and
can be improved greatly after each half period under batch replacement strategy. So, the development trend of
failure rate can be changed by the maintenance activities. Indeed, efficient maintenance policies could ensure the
improvement of reliability. Based on this thought, various preventive maintenance strategies have been set up,
such as the Reliability Centered Maintenance (RCM) method, a very successful systematic method for
establishing maintenance programs, which has been applied in many industries [19] in order to repair before the
failure.

o preventive replacement

® Breakdown replacement .
maintenance

maintenance

preventive maintenance period T

OT -

preventive maintenance period T

Fig. 6 The age placement maintenance strategy
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Fig. 7 The batch placement maintenance strategy
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Fig. 8 The failure rate of component by MC simulation under the age replacement strategy
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Fig. 9 The failure rate of component via MC simulation under thebatch replacement strategy

The advantage of Monte Carlo approach be come more apparent when the real data is hard to acquire. Besides,
the Monte Carlo simulation can also analyze the failure rate of components under different maintenance
strategies. This example is quoted exactly to explain the availability of Monte Carlo simulation in the failure rate
analysis.

3.2 Example No.2

Reliability data on van section valve (see Table 3) is obtained from literature [20].
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Table 3 Reliability data of the van section valve

Life data statistics(km)

478
959
3392
6331

583
1377
3392
6531

753 753 801 834 944
1534 2400 2639 2944 2981
3904 4829 5328 5562 6122

11019 12986

(1) Model establishment and parameters estimation

It can be observed that these data are not on one straight line on the weibull probability plot, but rather show
the trend of two branchs, so that the unary weibull distribution model is not feasible any more. We can consider
using two-fold weibull distribution model to model the lifetime data[18].

Fig.10 reflects the relationship between the likelihood function value and its iteration number, with the
iteration number increasing, the objective function value is gradually close to its maximum, and the iteration
process ends when the function value of two successive iterations is less or equal to the given error precision
(e=0.0001). The result shows that the objective value converges to the stability points of its likelihood function.

1211

1221

1231

124+

1251

log-likelihood

126

1271

1281

1291

Fig. 10 The log-likelihood as a function of iteration number

1
10 15 20
iteration number

25

30

250

The parameters estimated by EM algorithm are: weight coefficient w1=0.2697, w2=0.7303; shape parameters
bl= 6.6416, b2= 1.5610; scale parameter al= 831.8250, a2 = 5151.9142. Data fitting result (as shown in Fig.11)
proves that establishing two-fold mixed weibull model is reasonable.

0.99
0.96
0.90

0.75
0.632

probability

050 |1

—1--

T

025 [r-ohe

fitting line |- -4

_____________________________________

.......... 4 data T

time

Fig. 11 The fitting result of two-fold mixed weibull

(2)Analysis of failure rate based on the relation between the model and parameters
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By incorporating the estimated parameters of mixed weibull model, we can obtain the
w, f; (£) +w, f,(t)
W, R, (1) + W, R, (1)
mean time between failure MTBF =w,a,I"(1+1/b,) +w,a,I"(L+1/b,) for the van section valve at anytime.

From the analysis above, we know that there are mainly two types of failure modes for the section valve: one
is early failure, the failure distribution of which can be described by f, (t) and the probability of occurrence is

as well as the

by b,
reliability R(t) = w, exp —[Lj +W, exp —[Lj , the failure rate A(t) =
a a

1 2

26.97%; another is the normal failure, the failure distribution of which can be represented by f,(t) and the

probability of occurrence is 73.03%. As a result, to improve the reliability of the section valve, we should
emphasis on the data of which the failure time is less than 1000 (km), analyze their failure mechanisms and then
take effective measures to solve the problem of early failure.

4. Conclusions

(1) The research of reliability assessment technology for key components of equipment is based on the
reliability data. The main thought of this research is to exploit the data shape on the weibull probability plot to
establish the unary weibull or mixed weibull model, and then assess the rationality of model selection according
to the inferiority between the data and the fitting curve. Two cases have demonstrated how to use the proposed
GA and EM algorithm to estimate the unknown parameters, which could ensure the correctness of reliability
assessment. Up to now, the development of efficient parameter estimation methods for weibull distribution and
its application in reliability assessment are still a topic for further study.

(2) Once the parameters are estimated, it is possible to apply the weibull model for the calculation of various
reliability index such as failure rate, reliability, life expectancy, etc. For the unary weibull model, the failure rate
is analyzed in terms of the model itself and the Monte Carlo simulation, and the results show that under the
breakdown maintenance strategy, the real failure rate of Monte Carlo simulation is similar to its theoretical value,
which has verified the correctness of Monte Carlo method Introducing the theory into the analysis of failure rate
under the preventive maintenance strategy, we can find that without any maintenance actions taken in the
operation process of equipment, the failure rate is a constant, but if preventive methods are taken, the failure rate
will no longer be a stable value, but rather varies with different maintenance period. Generally speaking, the
failure rate decreased significantly compared with the breakdown maintenance strategy. As to the mixed weibull
model, the failure behavior can be analyzed based on the relationship between the model and parameters, and the
data which needs careful analysis are also determined by the fault probability and the size of scale parameter, so
that effective measures can be taken to prevent the failure from happening.

(3) Overall, the information obtained from this study can be referred to by the maintenance managers,
planners and operators to grasp the failure rule and the fault mechanism of equipment, and can provide the
quantitative reference value in objective decision-making.
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Abstract: The aim of this study was to develop extrusion-spheronization technology for preparation of the
phytase pellets in size about 40 meshes as feed additive. The activity of fermented liquid phytase was about 950
U/mL, and it was microfiltrated through a ceramic membrane (0.5um) to remove the cells, and then ultrafiltered
to a concentration of liquid phytase of about 12200 U/mL. The concentrated liquid phytase was blended with
different constituents of the powder (such as maize starch, maize cob flour and maltodextrin) for preparation of
the plastic mass, and then the wet mass were shaped into long rods using a basket extruder. Subsequently, the
long rods were dumped onto the spinning plate of spheroniser, where the extrudate was broken up into smaller
cylinders with a length equal to their diameter, and those plastic cylinders were rounded due to frictional forces.
Finally, the pellets were dried at about 50 °C in a fluidized bed dryer. The composition of supplementary
materials was extensively chosen and tested. The particle size distribution, physical quality of pellets and
retention of the phytase activity were determined. The results showed that the particle size distribution was
narrow, less friable dosage formed and almost no activity lost in the process of extrusion-spheronization. The
composition of supplementary materials influenced the concentration of phytase, and the phytase activity in
final product reached about 5000 U/g which was sufficient for commercial production by adding stated quantity
of maize cob flour or silica powder.
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1. Introduction

Phytase (myo-inositol hexakisphosphate 3-phosphohydrolase, EC 3.1.3.8) belongs to the family of histidine
acid phosphatases [1]. It catalyzes the hydrolysis of phytates (myo-inositol hexakisphosphate) to inositol and
ortho-phosphoric acid. Phytate, the major storage form of phosphorous in plant seeds [1-3], is regarded as an
antinutrient factor since it forms insoluble complexes with proteins and a variety of nutritionally important
metal ions such as calcium, zinc, magnesium, and iron, and decreasing the bioavailability of phourous [4-5].
Monogastric animals are unable to utilize phytic acid phosphorus since they have very low or no levels of
phytase activity in their digestive tracts and inorganic phosphate (Pi) is commonly added into the feed for the
purposes of phosphorous supplementation. Supplemental microbial phytase present in corn-or soybean-based
feed for pigs or poultry has been demonstrated to effectively improve phosphorous utilization and performance
and reduce fecal phosphorous excretion and pollution potential of phosphorous returned to soil and/or water
[6-7]. Therefore, decreasing the phytate content in plant materials to increase their nutritional values and thus
reduce environmental eutrophication is advisable. This helps explain why the phytase has attracted great global
attention in the animal feed business.

Phytases are typically found in plants, certain animal tissues and many microorganisms [5, 8-10].
Endogenous intestinal phytase can be found, but have very low activity. Most phytases added into feeds are of
microbial origin [11]. The optimal temperature for phytase activity is between 45 °C and 60 °C, declining rapidly
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at higher temperatures [12]. Phytase is usually mixed with other supplementary materials such as starch, sugar

and fibre content, and then pelletized instead of being added into feed directly. Granulation and its products

(granulates, pellets) offer a product form that has many advantages over powder [13], and resulting in its

application both for feed additives and animal feeds. Some advantages are:

« Pellets have better flow properties, and the quantity of phytase with the activity about 5000U/g added into
animal feed is generally 100~200g per ton feed. The more uniformity mixed product can be obtained when
pellets substitute the powder of enzyme. Moreover, pellet with better gravitation discharging behavior is
necessary for good transport in conveying equipments.

« The bulk density of pellets is higher than that of powder so that it is not easy to be carried out in a mixer due to
ventilation, and the dust possibly being breathed into body is avoided.

« Prevent the enzyme from separating from the mixed ingredients.

« Prevention of the static, conglutination and grume.

« Improve solubility.

« The higher value of the products can be obtained.

« If the pellet enzymes are coated with a polymer film, it can be released in lower speed or released in special
location of animal vitro.

Rotor disk fluid-bed technology is a popular method for the preparation of pellets in pharmaceutical and
enzyme industries. It is a one-step closed process in which the binder solution is added at a fixed rate onto the
powder blend in the fluid bed rotor (a kind of spheronizer), and the particles are agglomerated and spheronized
simultaneously, then this is followed by drying (by inlet air) of spherical particles until the desired final
moisture is reached [14-15]. The fluid-bed technology has been developed to involve the rotor module for
several different manufacturing processes, which now include spheronization.

Usually, tangential spraying and top spraying are two typical fluidized-bed granulation technologies. The
tangential spraying has been shown to be good choices for producing spheroids that can be coated for controlled
release in the same rotor insert [15]. Moreover, the prepared spheroids by tangential spraying are reported to
have a surface morphology (less porous and more spherical) that is more suitable for coating than that of
spheroids prepared through a top-spray process. But rotor disk fluid-bed granulator is very expensive and
complicated for controlling work parameters during granulation process, and the output of fluid-bed granulation
is also limited. In contrast, Extrusion-spheronization has been described as another traditional and popular
method of producing pellets [14], and this method produce pellets in higher output suited for preparation of feed
enzymes which are usually in great yield. However, this traditional spheronization method involves four
different steps: granulation, extrusion, spheronization, and drying. The success or failure of each of these steps
affects greatly the quality of the final pellets or spheres. Currently, very limited literature sources are available
for enzyme products pelletized by extrusion-spheronization.

The objective of this study was to develop the method of preparing the micro-pellets of feed enzymes by
extrusion-spheronization, and the composition of supplementary materials. The physical quality of phytase
pellets and retention of its activity were also studied and evaluated.

2. Material and Methods
2.1 Enzyme assay

Phytase activity was determined according to the technique of Bae et al.[16]. One unit of phytase activity
was defined as the amount of activity that releases 1 umol of phosphate per min at 37 °C.

2.2 Preparation of liquid phytase

The culture of phytase was done in Luliang Enzymes Co. Ltd, Yunnang Province, China. The specific
microbe was cultured in a 15 m® fermentor with relevant temperature, pH, stirring speed and airflow during
fermentation. Then the fermented liquor was pumped to microfiltration equipment with ceramics membrane
(HeFei ShiJie Membrane Engineering Co., Ltd, Hanhui province, China) to remove the cells. The phytase
activity was tested to be 950 U/mL in the fermentation liquor. Such a concentration level was not sufficient for
commercial production for feed additive applications by the extrusion and rolling method because the final
phytase activity could not reach about 5000 U/g required by commercial product. Therefore, it was needed to be
concentrated by ultrofiltration. The whole treatment was as following:
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Fermented liquid (950 U/mL)
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rofiltration (0.50 um)

V.. .
Ultrofiltration

\
Ultrofiltrated liquid (12210 U/mL)

2.3 Equipment used during an extrusion-spheronisation cycle

2.3.1 Mixer

The first step of an extrusion-spheronization cycle consisted of the preparation of the plastic mass. A special
feature of this step was the homogeneous distribution of the enzyme liquid phase throughout the wet powder
mass. Different types of mixers can be used to perform the mixing of the powder blend and the concentrated
enzyme liquid. Here, a single-shaft paddle batch mixer was used (Model: SLHJ1, Jiangsu MuYang Group Co.,
Ltd, Jiangsu province, China.)
2.3.2 Extruders

The second step of the process was the shaping the wet mass into long rods during extrusion. The extrusion
process, widely used in the pharmaceutical, food, ceramics and polymer industries, can be performed using four
main classes of extruders: screw, sieve and basket, roll and ram extruders [14]. The screw extruder consists of
one or two (twin-screw) Archimedes screws feeding the plastic mass to an axial or radial extrusion screen. In
the axial type, the screen is placed at the end of the screw, perpendicularly with the axis of the screw in
contrast to the radial type where the dies are placed around the screw, discharging the extrudate perpendicularly
to the axis of the screw. In the current study, the basket extruder (Fig. 1(a, b)) was designed and fractured, and
the vertical walls of the extrusion chamber made up the extrusion screen. The mass was fed by a screw (driven
by motor 2) and gravity into the extrusion chamber, where a rotating or oscillating device pushed the plastic
mass through the screen. The Fig. 1(c) shows the size and distribution of dies in extrusion screen.

m\-:#/

{a}

by (c)

Fig. 1 Schematic view of a basket extruder. (a) View of extruder; (b) A-A section view; (c) Outspread view of
extrusion screen

2.3.3 Spheronizer

After extruding, the cylinders were dumped onto the spinning plate of the spheronizer, called the friction
plate with a grooved surface, where the extrudate was broken up into smaller cylinder with a length equal to
their diameter [17]. Subsequently, those plastic cylinders were rounded due to frictional forces. During this
spheronization process, the shape of the particles started from a cylinder over a cylinder with rounded edges,
dumb-bells and elliptical particles to eventually perfect spheres. The spheronizer was also designed and
constructed by us in this study.
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2.4 Spheroid production

The following conditions were chosen after a series of preliminary experiments:

Wet massing (single-shaft paddle mixer): rotation speed, 50 rpm; wetting time, 10 min; enzyme liquid
proportion, 20% ~ 60% ( % w/w); wet massing, 2 min.

Extrusion (basket extruder): extrusion speed, 40 rpm; diameter of die, 0.6 mm; thickness of extrusion screen,
0.6 mm.

Spheronization (spheronizer; diameter of friction plate, 400 mm): time, 3 min; rotation speed, 700~900 rpm;
load, 2000 g.

Drying (fluidized-bed dryer): temperature, 50+3 oC ; relative humidity, <3%.

2.5 Testing
2.5.1 Particle size distribution

Sphere size distribution was determined using conventional sieve analysis as described in Barrau et al.[18]
(1993). The apparatus containing a set of sieves with apertures of 30, 40, 50, 60, 70 and 80 mesh were
employed.

2.5.2 Friability measurement

Friability tester (Model: CS—1, Tianjin Gumin Pharmaceutics Equipment Co. Ltd., Tianjin, China) was used
for the evaluation of durability of pellets. In principal, this device brings about attrition stresses that are exerted
to pellets, due to either mechanical or pneumatic transportation. Friability is determined by inducing fines
through an abrasion action of pellets shearing over each other and over the wall of drums. The procedure is
standard by using a drum with specified dimensions, in which 200 g of sieved pellets are inserted. After
tumbling for 10 min at 50 rpm, the pellets are subsequently sieved and the amount of fines passing a sieve with
a grid size “just smaller than the nominal pellet diameter” is determined. Friability/or durability is normally
expressed as a percentage which gives the amount of fines returned or the amount of pellets recovered. Friability
measurement of sample was replicated three times.

2.5.3 Sphericity measurement

Sphericity was determined using an image analyzer (Quantimet 500, Leica, Cambridge, UK) interfaced with

a microscope (Model: WV-CP 430/CH, Panasonic Electric Equipment Co. Ltd, Japan) in which the roundness,

perimeter (P, ) and particle projected area ( A) were measured. These were used to calculate the sphericity (S ),
as shown in equation below [19]:

_ 4Ax3.142

S
P,

)

2.5.4 Flowability measurement
The repose angle ¢ was employed to indicate of the sphericity of a pellet indirectly. Tangent ¢ is the

ratio of the pile height and the pile radius measured after a certain amount of pellets are allowed to fall from a
given height onto a hard surface through a specified orifice [19].

H
p=arcig() o

Where ¢is the angle of repose, and H and R are the height and radius, respectively, formed by the spheroids.

3. Results
3.1 Compositions of supplementary materials on the concentration of phytase

Usually, maize starches, binders such as cyclodextrin and CMC are basic components for feed enzyme
additives. When the rapid-solubility of enzyme pellets is required, a quantity of sucrose is often added. Some
optimized compositions and extrusion status are presented in Table 1. When the ultra-fine silica powder or
maize cob flour were added into compositions, it was noticed that more liquid enzyme was absorb and/or stored
without excessive water being present on the surface of particles during extrusion, while the phytase activity in
final product was over 5000 U/g (Table 1). This can be explained that the structure of the silica is in tiny-hole
and the maize cob is classified as fibrin with much hydrophilic-group such as hydroxyl. Consequently, more
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enzymes were able to get into the internal structure of components resulting in the higher enzyme concentration

in final product.

Table 1 Effect of compositions of supplementary materials on the concentration of phytase

Experiment 1 2 3 4
Activity of
p:;tr;gznst(;?ttﬁ:jon 12210+10.44 12210+10.44 12210+10.44 12210+10.44
(U/mb
80g maize 83g maize starch: 9  78g maize starch : 3g  72g maize starch :18g
starch:20g g cyclodextrin: 8 g CMC : 9gsilica maize cob flour : 10g
Compositions maltodextrin:  silica powder: 45 powder : 10g maltodextrin : 63 mL
20 mL mL phytase sucrose : 45 mL phytase solution
phytase solution phytase solution
solution
Extrusion status good very good very good very good
Activity of
phytase in 2385+7.14 54005.41 5412+6.32 7560+8.54
product after
drying (U/g)
Sphericity(S) 0.74+0.01 0.85+0.02 0.81+0.02 0.79+0.01
Flowability(¢)  20.54+1.21 21.45+1.56 22.01+0.92 23.31+1.02
Friablility 1.60+1.12 1.75+1.62 1.45+1.09 2.60+1.52

3.2 Retention of phytase activity

The extrusion temperature and retention of phytase activity are illustrated in Tab. 2. The extrusion
temperature could be controlled below 50 °C in our basket extruder whose structure and work parameters were
optimized and as shown in Fig. 1 and Section 2.4. In the process of optimization, many experiments were
performed, and it was noticed that the distributing density of dies on screen and thickness of extrusion screen
had significant influence on the extrusion process. In fact, extrusion stress and the shearing strength had less
impact on enzyme activity, but the subsequent drying temperature had marked effects on retention of phytase
activity as Tab. 3 shows. Therefore, the temperature for drying phytase pellets should be below 55 °C.

Table 2 Effect of extrusion process on retention of phytase activity

Liquid phytase  Extrusion Composition Phytase Ratio of retention
activity temperature activity after of phytase
o pellet (U/g)  activity
(U/mb (%)
729 maize starch
+18g maize cob
12210+10.44 42+3.5 flour+ 10g 5416+2.3 98.5

maltodextrin+63
mL liquid phytase

Table 3 Effect of drying temperature on retention of phytase activity

Drying temperature
50°C
60°C

Ratio of retention of phytase activity (%)
96.4+2.4
85.6+4.2

3.3 Particle size distribution

In these experiments, the starting raw materials were kept uniform by sieving the powders through an
80-mesh size prior to blending. Fig. 2 shows particle size distributions for four groups of experiments. The 40
mesh size die is about 0.35 mm. It is evident from Fig. 2 that the size of the most finial phytase pellets were
between 30 meshes and 50 meshes which were desirable and eligible size and they added up to about 90% even
if the size distributions were not the same. Therefore, the particle size and its distribution were mainly
determined by the size of dies. In this four groups of composition, maltodextrin, cyclodextrin and CMC were
respectively employed as binder and their quantity in each composition were carefully chosen by a series of
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preliminary experiments. The Fig. 2 also indicts that the quantity of binder had greatly impact on size and its
distribution whereas the kind of binder had little influence. The experiment 4 in Fig. 2 also shows that the maize
cob flour, as a kind of dissolved plant fiber, mighty lead to more fine particles, implying it is beneficial to break
the cylinders due to their stiffness and elasticity during spheronization. Therefore, the quantity of fibers in the
mass should be carefully chosen.
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Fig. 2 Particle size distributions of four groups of experiments. (Expt. 1: 80g maize starch : 20g maltodextrin : 20
mL phytase solution; Expt. 2: 83g maize starch: 9 g cyclodextrin : 8 g silica powder : 45 mL phytase solution;
Expt. 3: 78g maize starch : 3g CMC : 9g silica powder: 10g sucrose: 45 mL phytase solution; Expt. 4: 72g maize
starch : 189 maize cob flour : 10g maltodextrin : 63 mL liquid phytase)

3.4 Physical quality (Sphericity, Flowability and Friability)

Fig. 3 shows the pellets photograph prepared in our current study. The sphericity of the pellets was in the
range of 0.74 to 0.85, which is approximately 1.0, the optimal value for sphericity. The percentage weight loss
from the batches was less than 5% as shown in Tab. 1. However, increased rotor speed, use of the maize cob,
and use of rougher plate contours increased the friability due to attrition and weakly agglomerated particles. The
angle of repose of all the formulations was less than 30° as shown in Tab. 1, indicating good flow behavior of
the spheroids.

(@) (b)

Fig. 3 Typical photograph of particles.(Composition: (a) 83g maize starch : 9 g cyclodextrin : 8 g silica powder :
45 mL phytase solution, (b) 72g maize starch : 18g maize cob flour : 10g maltodextrin : 63 mL liquid phytase)

4. Discussion
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The composition is one of key factors for successful pellet preparation by the current method, and the results
show a strong correlation between the concentration of phytase and the compositions. Traditionally, it was
considered that it was difficult to prepare enzyme pellets in higher concentration by extrusion-spheronization. If
that, the mass will be too moistening to shape because of the need to add more liquid enzyme. The cultured
phytase activity was reported at 950 U/mL in our current study. Such a level was not sufficient for commercial
production for feed enzymes additive applications by the extrusion-spheronization method because the phytase
activity after drying cannot reach about 5000 U/g which is required for commercial products. Although
ultrafiltration was employed to concentrate liquid phytase, the concentration was limited by the ultrafiltration
membrane and the cost increased with the increasing concentration of phytase. Therefore, it was necessary to
add the components which were able to store and immobilize more water during granulation.

In fact, compositions are very complex and diverse because many components can be used for this propose.
The compositions shown in Tab. 1 were determined through thorough preliminary studies with an aim to
prepare pellets with a higher enzyme concentration and uniform size and shape distribution. Enzyme
concentration and extrusion statue (long rods discharged from the dies smoothly, not too wet and not too dry)
determined the compositions. The fiber material, such as maize cob flour availability and low-cost, is an ideal
additive component for this proposes.

The extrusion temperature has much impact on the retention of enzymes activity in the whole process of
extrusion-spheronization. Furthermore, it was strongly related to structure parameters such as diameter, density
and thickness of the die of extrusion screen as well as work parameters such as the rotate speed of the roller, the
distance between the edge of the roller and the screen. In addition, the subsequent drying temperature had
marked impact on the retention of enzymes activity due to its sensitivity to temperature.

During the extrusion-spheronization process the cylinders were broken up into smaller pieces with a length
generally equal to their diameter, and then those plastic cylinders were rounded due to frictional forces.
Therefore, the size of the die on the screen of basket extruder determined the size of the final pellet as well as its
size distribution. Certainly, size distributions were also related to the formulation components characteristics
and process variables [20]. Water content, spheronizer speed, spheronization time and plate types also
influenced the particle size as well as its distributions. Usually, the more surface free water will lead reuniting of
particles; the increased rotor speed decreased the mean diameter due to surface defects on the pellets by the high
speed, thereby producing more fines. Their impacts on pellet size distributions were similar to other reports [14,
21]. The particle size distribution experiments demonstrated that the desirable particle size distribution could be
obtained if these sound composition and processing parameters were imposed in current studies.

Transportation and handling in both the factory and on the farm requires pellets of certain integrity without
fines being produced by attrition stresses. In general, pellet quality depends on the combination of raw materials
used, the process technology and the different operating/processing variables during pelleting. All these
variables affect pellet integrity, sphericity, flowability and durability. Due to the complexity of the feed enzyme
mash (blends of several raw materials that differ in composition and functional properties), processing condition
and interaction between composition and processing parameters, quantitative descriptions of effect of the
formulation components on particle size distribution were acquired differently.

5. Conclusion

Pellets as an enzyme delivery system offer many technological advantages, and the size of pellets is usually
about 40 meshes. Pellets of uniform size, low porosity, and regular shape can be produced via properly
formulated and conducted extrusion/spheronization process. During the extrusion phase, extrusion temperature
can be controlled below 50 °C by use of our basket extruder which’s structure and work parameters were
optimized, and almost no activity lost in this process of extrusion. The fermented liquid phytase was
concentrated to about 12000 U/mL using microfiltration by ultrafiltration. The compositions of supplementary
materials influenced the concentration of phytase, and the phytase activity in final product can reach to about
5000 U/g which was sufficient for commercial product by adding quality of maize cob flour or silica powder.
Narrow particle size distributions, less friable dosage form and flow-preference pellets can be provided in large
scale by the current method.
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Abstract: Tillage soil is a typical discrete particulate material, and it is the key of soil analysis of dynamic changes that
the simulation for the generation and fracture of soil agglomerate with adhesive particle DEM. In this paper, we
introduced bond model add to existing dry granular discrete element contact mechanical model of soil to express water
adhesion, builded wet granular soil contact mechanics model. Through the soil specimen uniaxial compression test
method for calibrating the model bonding parameter. In EDEM software, using the wet granular soil contact
mechanical model which has been established to simulate the soil uniaxial compression test, and the simulation results
were compared with the experimental results. As results show, the compression curves of simulation and experiment
are in good agreement, and these two curves both increase linearly to a peak, followed by decreasing smoothly. The
compression strengths for experiment and simulation were 33.68N and 32.66N respectively, and the simulative
strength is 3% lower than that of experiment.
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1. Introduction

Discrete element method(referred to as DEM) was put forward by the America scholar Professor Cundall [1]
in 1971, which based on molecular dynamics principle, and is widely used in rock mechanics, pharmaceutical,
agriculture and other fields of a uncontinuous numerical simulation method, the theory is based on the second law
of thermodynamics and has a solid theory foundation.

At present, many scholars has analysed arable soil particle discrete element model. Xu Yong [2] and his
colleagues put forwarded new ideas which based on particle contact mechanics principle of discrete element
method on tillage soil dynamics numerical simulation, and discuss the discrete element method for soil dynamics
simulation feasibility and some key technology problems and Countermeasures. Oda [3] using discrete element
method simulation of soil uniaxial compression broken problem, considering the contact point of the rolling
resistance of granular discrete element model to simulate the soil in the process of uniaxial compression, resulting
in the macroscopic shear band deformation mechanism, model does not involve adhesion. Zhang Rui [4] and his
collaborators by introducing parallel constraint to the characterization of soil particle in liquid bridge between
viscous effects, established the soil particle contact nonlinear mechanical model, and a discrete element
macroscopic and mesoscopic simulation model, but only in the particles into contact with each other to produce
parallel constraint, do not conform to the real effect of the moisture in the soil. Liu [5] considered the band
adhesion force of the spring - damper model analysis of unsaturated granular soil aggregation process of
disintegrating, and combined test, research the compacted unsaturated clay three axial compression and biaxial
shear problem, but its adhesion model modeling complex, general discrete element software can not meet the
requirements of modeling simulation. Li Yanjie and Xu Yong [6] used adhesion particle discrete element model
for soil uniaxial compression tests were simulated, simulation values higher than test value 11.6%.
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2. Establishment of tillage soil discrete element contact mechanics model

According to the different soil moisture content, soil particle discrete element model including dry particle
model and wet particle model, the latter including liquid bridge and immersion type two forms. As shown in
figure 1. Dry particle model for loose sand, liquid bridge wet particle model suitable for general cultivation soil

constraint force moment. [F

or rheology liquid wet soil, immersion type particle model in paddy soil[2].

7

Dry particle model Liquid bridge state Impregnation state

Fig. 1 Soil particle contact model

The soil in addition to soil particles as a skeleton, liquid water is a important component, it is usually to
moisture, water film, capillary water and gravity water exist in the form of [7]. Among them, capillary water in
soil particle spaces form a discontinuous liquid bridge, the liquid bridge between soil particles produced in
viscous effects which is the impact force between soil particles are important factors. This article in dry granular
soil contact model is based on the introduction of bonding constraints, composed of particles of wet soil contact
mechanics model to represent the result of water present in the soil contact mechanics model. As shown in

figure 2.

t

Fig. 2 Wet granular discrete element contact mechanical model of soil

In wet granular soil contact mechanics model, soil particle interactions include granular contact force,
adhesive binding force and friction force, the performance equation for:

[Fl=[Fe]+[F™]+[F,] ®

In the equation, [F] is soil particle interaction total force. [FC] is soil particle contact force, including the
normal contact force and tangential contact force, among them, sliding model control tangential contact force.

[F ”b] is binding constraint force, including normal force, tangential force and adhesive bonding constraints
yJ is Friction force.
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The following content will introduction to bond model which is the author originality:

Binding constraints is established between particles, this relationship run together with linear stiffness model
and the slip model [8]. Binding constraints occurs in the soil particles without contact time. This paper
introduces the bonding radius, soil moisture much influence the size of it. Each particle has set a bond radius
When model building. bond radius is larger than the particle radius, when two discrete particles between the
centroid distance is less than or equal to the setting of the two particle bonding radius, that is 0,0, <R/ + R,
the bonding constraints will formed between particles. As shown in figure 2. Formation of the binding constraint
can transfer the forces and torque. When the two bound particles have relative movement, either the maximum
normal or tangential stress than their corresponding constraint strength, bonding constraints fracture.

Binding constraint forces including normal force and tangential force, that is:

FP=FP+FP

(2)

Binding constraints are generated after, The outside to soil particles F™, F* and torqueM™, M
with the time step increasing. According to formula (1.3) starting from zero increase:

FP=-0v S AR
OFP =—uS A

M =, S et @)
MP =—0S, I &

2

1

In the equation, A is the contact area, A=7R.; J ZEﬂR; Ry is Bond radius. S, and S, were

normal and tangent stiffness. &t is time step. v, and v, as the particles of normal and tangential velocity.

@, and ¢, for normal and tangential velocity.

When the normal force and tangential force is greater than a defined value, bond was broken. Therefore, the
definition of normal and tangential stress maximum value is as follows:

~FP  2MPP
n + S

O max < A ] Rg
e g @)
z-max < ° + . RB
A J

When the external force destroys the soil particles between the binding constraint, interactions among soil
particles will be dry granular soil discrete element contact mechanics model in the form of action.

3. Determination of contact mechanics model parameters

By using EDEM software to simulation dynamic behavior of soil, establishing a simulation system need to
enter the soil contact model parameters are many. So far, there have been many scholars on the soil of these
physical properties are studied. Some of these parameters reference the soil testing manual [9] and granular
material mechanics[10]. This parameter values as shown in table 1.

Table 1 Some Model parameters

Soil Soil particle Poisson's ratio | Shear The Coefficient | Normal Shear
particle density/kg/m® modulus/Pa | coefficient of | of friction stiffness/N/m | stiffness
radius/mm restitution IN/m

1 2680 0.3 1e+08 0.3 0.5 1e+08 5e+07
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Bonding radius, Cirtical normal stress and Cirtical shear stress are through the following method to derive. In
which of them, soil moisture much influence the size of it. The higher Water content, the biger bonding radius. In
this paper, according to the general tillage soil water content of 15% calculated the size of the radius of the

particle bonding: R/ =1.3mm.

This paper through the soil in uniaxial compression test critical bond law of corresponding force and critical
bond shear stress used by Changchun Branch of new test equipment limited production of type WDW-300
universal material test machine. Firstly, the soil sample made of soil mechanics standard cylinder specimens
( diameter 39.1mm, high 80mm ), then the test piece mounted on the compression apparatus, and in the sample
around with vaseline to prevent evaporation. Prior to the start of test specimen and pressurized columns, adjust
good contact, the stress and displacement are set to 0. Click the start button to test, pressure column to 10mm /
min rate on compression, recording of stress and displacement change value, until the test piece ruptures or slip to
fall apart. As shown in figure 3.

Fig. 3 The normal and shear direction of the broken of soil uniaxial compression method

The measured stress and time curves as shown in figure 5 and figure 6.

Stress displacement curve

3BT
30 1
25 r
20 1
15 r
10 r
5 B
0 . . . . ) . ) .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Axial strain/mm

Axial stress/kPa

Fig. 5 Normal stress and time curves of soil uniaxial compression method
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Fig. 6 Shear stress and time curves of soil uniaxial compression method
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In the test, the specimen sides free, bearing the axial pressure when the sample partial yielding and failure,
after the destruction of soil bearing capacity decreased, so the specimen subjected to axial stress (axial pressure )
has a maximal value, consistent with the test curves shown in figure 4. The stress displacement curve graph we
can see, farming soil maximum bonding method corresponding to force 30kPa. Farming soil maximum tangential
stress is in 16kPa bonding.

4. EDEM simulation and analysis

In recent years, with the development of computer technology, the discrete element software applications have
been developed to a new stage. On behalf of new discrete element analysis software is EDEM[11]. In this paper,
using the discrete element simulation software EDEM to simulate three-dimensional soil in uniaxial compression.
The simulation system of soil model parameters according to the determined parameters set. Soil particles in
diameter is 39.1mm, height 100mm soil cylinder to generate, soil cylinder on the length of 400mm simulation on
a flat plate. According to the test of soil column density calculation, using a total of 12000 particles, particle
radius 1mm. Soil particles in 3S is generated when finished, soil column height of 80mm. Parallel constraint set
in 3.1s effect, so that the soil particles cohere. Then the soil barrel upward movement, leaving the simulating soil
column. As shown in figure 7

Tine: 24t =

fEDEMAcademic
Fig. 7 Simulation of soil specimen in uniaxial compression test

Tine: €02 =

S TTT U HEDEMAcademic
Fig. 8 Simulation of soil specimen in uniaxial compression test of broken

Continue to simulation, pressure plate and soil column simulated equal in diameter, located in the simulated
soil column above 15mm, at time 3 seconds, pressure plate with 10mm / min speed to the soil column simulated
movement, until the simulation soil column specimens completely rupture or slip lost. As shown in figure 8.

Simulation and test of soil uniaxial compression stress - strain curve comparison. As shown in figure 9.
Through the experiment and simulation of soil uniaxial compression stress - strain curve contrast, found the
simulated values at the peak is slightly smaller than the experimental values. The axial strain in 2.5mm, analog
values are slightly higher than the experimental values. But in the axial strain4mm, test values again higher than
simulation value. On the whole, the simulation results of the axial pressure curve and the test curve basically
coincide, and these two curves both increase linearly to a peak, followed by decreasing smoothly. The compression
strengths for experiment and simulation were 33.68N and 32.66N respectively, and the simulative strength is 3% lower
than that of experiment. Prove that the construction of tillage soil contact mechanics model and model parameter
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selection are correct and the simulation of EDEM feasibility. Provides soil particle discrete element development
a useful contact model and simulation method.

—e— Simulation
—a— Test

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Axial strain /mm

Fig. 9 Test and Simulation of soil uniaxial compression stress - strain curve comparison

5. Conclusions

(1) This paper put bond constraints are added to dry granular soil contact mechanics model, bonding radius which
in the binding constraints should be larger than the particle radius, according to the soil moisture content of
different size can be adjusted. Compared to the Zhang Rui building soil particle contact nonlinear mechanics
model, the model more accord with the real soil due to the moisture arising from the presence of the particles
between bonding, and the use of the classical soil mechanics test soil specimen uniaxial compression test
calibration the maximum bonding normal stress and tangential stress.

(2) Using discrete element software EDEM to simulate soil uniaxial compression, simulation of the axial strain
stress curve results agree with the experimental results, the simulated curves in peak less than the
experimental value of 3%, the simulation results close to the real soil uniaxial test results. Contrast Xu Yong
used the adhesion particle discrete element model for soil uniaxial compression test numerical simulation
analysis results, in this paper, the simulation results of higher accuracy.

(3) Successfully simulated by using bonding constrained particle discrete element model for soil agglomerate
breaking, prove this paper using the methods of establishing farming soil contact model is correct and the
simulation analysis of the feasibility of using EDEM. For the use of discrete element method for the dynamic
behavior of soil provides a new model and method.

(4) Through this kind of soil contact model can solve the problem of agricultural mechanical rotary tillage. In
EDEM software, using the wet granular soil contact mechanical model which has been established to
simulation and optimization choose the best machine forward velocity, rotary blade speed, cover grid position
and rotary tillage knife deep tillage and so on. This model will have a wide application in development of the
agricultural machinery

Acknowledgment

This work was financially supported by the Priority Academic Program Development of Jiangsu Higher
Education Institutions((Su financial teacher(2011)no.8), Qing Lan Project of Jiangsu Province (Su teacher
(2010)n0.27) and Three Engineering of Agricultural Machinery(NJ2009-21).

References

[1] P. A Ctmdall. A Discrete Nunzrieal Model for Granular Assembles. Ceotechnical, Vol. 291, pp. 47-65,
1979.

[2] Y. Xu, H. Y Li and W. B Huang. Modeling and Methodological Strategy of Discrete Element Method
Simulation for Tillage Soil Dynamics, Transactions of the CSAE, Vol. 3, pp. 34-38, 2003.

[3] K. Ilwashita and M. Oda. Micro-Deformation Mechanism of Shear Banding Process Based on Modified
Distinct Element Method, Powder Technology, Vol. 109, No. (1-3), pp. 192-205, 2000.

[4] R. Zhang, J. Q Li, Y. W Li, Z. B Liu and B. Chen. Dem Macroscopic and Mesoscopic Analysis in
Disturbed Behavior of soil Acted by Part with Complex Surface, Journal of Jilin University (Engineering



Establishment of Tillage Soil Contact Model And Uniaxial Compression Test Based On EDEM 267

and Technology Edition), 2009.

[5] S. H Liu, D. A Sun and Y. S Wang. Numerical Study of Soil Collapse Behavior by Discrete Element
Modeling, Computers and Geotechnics, VVol. 30, No. 5, pp. 399-408, 2003.

[6] Y. J Liand Y. Xu. Comparison Study Between the Soil Uniaxial Compression Test and the Discrete
Element Simulation, Journal of China Agricultural University, VVol. 14, No. 4, pp. 103-108, 2009.

[7]1 Y. Jiang. Soil, Jilin people's Publishing House, 1983.

[8] L. X Zhai and C. Q Ji. Foundation of Dynamic Soil Model Based on Distinct Element Method, Acta
Agriculturae Jiangxi, Vol. 20, No. 9, pp. 108-111, 2008,

[91 Nanjing Hydraulic Research Institute. Soil test technical manual, China Communications Press, 2007.

[10] Q. C Sun and G. Q Wang. Granular material mechanics, Science Press, 20009.

[11] G. Q Wang, W. J Hao and J. X Wang. Discrete Element Method and its Practice on EDEM, Northwestern
Polytechnical University press, 2010.



Copyright © 2012 DET Corp., Japan All Rights Reserved ISSN 2186-2680 A—

International Journal of Comprehensive Engineering A
Part C, 2(3), 268-274, 2013 e-ISSN 2186-2656 IJCE
Doi: 10.14270/1JCE2013.2.3.c268 WWW.IaCe-JOUrnal.ofg ey
Regular paper ~—

Design of Feeding System with Remote Monitoring in Marine Ranching

Weifeng Peng *, Shaojie Jiang **
! College of Engineering, Shanghai Ocean University, Shanghai, 201306, China
* Corresponding author: sjjiang@shou.edu.cn; Tel.: +86-156-9216-5367

Abstract: In order to reach the need of the systematic fishery production and management by marine ranching, a
feeding system with remote monitoring was designed. A programmable internet controller was used as a control
core in the system, and technologies about auto-feeding, underwater cameras, sensors and wireless network are
involved in. Problems of precise feeding, audible acclimatization and underwater video monitor were solved to
meet the request of marine ranching. Remote control and management were achieved finally.
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1. Introduction

The key of construction of marine ranching is to solve the construction and improvement of artificial
interest-bearing field, behavior control of object, environmental regulation, the monitoring of biological
resources and so on. Therefore, to achieve the systematic fishery production and management of marine ranching,
developing a bait-throwing system which has the function of remote monitoring has important significance.
Although there are several kinds of automatic bait- throwing systems for large-scale anti-wave net cage breeding
in China, they are difficult to achieve micro-baiting, and they have huge volume, complex structure and high
maintenance costs, so it can't be remotely controlled on land and monitored on real-time, it cannot reach the
requirement of ocean ranching also. Overseas, automatic bait-throwing system with technologies of micro
baiting, sound trace domestication and underwater monitoring has been widely in application. However, its
higher technical requirements and complex structure, high cost, also can't adapt to the needs of marine fishery
production inland.

2. Development Scheme

The marine ranching technology in China is still in its initial stage, based on the current situation and the user’s
economic situation as well as the technical requirements of marine ranching; high cost of equipment is difficult for
users to accept. Therefore, the development of marine ranching feeding system with remote monitoring mainly
solves the following problems:

(1) Playing a certain frequency of the acoustic wave, aggregating fry in certain range;

(2) Improving feed utilization and controlling the behavior of fish, regular quantitative and precise feeding
combined with acoustic taming to make fish form conditioned reflections;

(3) Real-time observation of size, quantity and scope of fish;

(4) Realizing feeding, acoustic taming and remote monitoring to reduce human labor and improve piscatorial
utilization.

The overall structure of the feeding system is like a tower (Fig.1), which consists of a solar power, feeding
machine, a float, a programmable Ethernet controller, several underwater sensors, an underwater camera, an audio
sound device and a remote monitoring terminal. Float, fixed to the sea ranch by an anchor, works as an offshore
work platform with a feeding machine installed on the upper, and the programmable logic controller installed in
the float can realize automatic regular quantitative bait-throwing for all-weather.



Design of Feeding System with Remote Monitoring in Marine Ranching 269

Because it is difficult and unsafe to arrange cable between the remote monitoring terminal and the feeding
machine, a solar photovoltaic power is used in the system. While it is operated, the solar panels can convert solar
energy to electricity to supply power to the system, some electric power is also utilized to charge the storage
battery in cloudy day and night to energize the system.

=)

//5

1.Solar Panels 2.Feeder 3.Battery 4.Audio Sound Device 5.Float 6.Underwater Camera
7.51 MCU 89C51 8.Discharging Tube
Fig. 1 the Structure Diagram of Automatic Feeding System

3. The Structure and Function of the System

To improve the efficiency of feeding, before operating, audio sound device which is installed below the float
will attract fish around the float, and then underwater camera installed in the lower part of the float collects
information on species, quantity, dimension and others to the remote monitoring terminal (PC) through a wireless
communication network to determine the quantities of feed for different growth period of fish. By modifying the
control program, automatic regular quantitative bait-throwing for all-weather can be achieved. Meanwhile, by
the usage of underwater measurement system installed in the lower part of the float for real-time observation of
sea water temperature, salinity, dissolved oxygen and other information, scientific basis can be provided for food
demands, growth rate and conversion rate of bait.

3.1 Programmable Feeding Machine

The bait feeding machine is the base of the automatic feeding system, which can be either operated alone or
centralized controlled through a remote network. With the programmable Ethernet controller, the electromagnet
installed in the feeding machine is sequential operated according to the control instruction to realize regular
quantitative throwing. It is mainly composed of a quantitative discharging device and sealing device which is
used for throwing.

With the increasing development and the consummation of intensive pisciculture technology, especially the
application of fish culture in net pen in large area and aquiculture technology of high density in pond, not only
the demands of the particle feed is increasing, but the corresponding feeding methods and techniques are also
put higher requirements. For example, the feeding habits of different breeds are different, so the feeding time,
feeding amount, feeding frequency are also different; The demand of high density cultivation on water quality is
higher, thus reducing the pollution of bait to the water will be particularly important.
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The automatic bait-feeding machine, as shown in Fig.2, is composed of a case, a container device, a feeding
device, a throwing device, a control box and a current detecting device. The container device consists of a
material container and a leakage hopper; feeding device includes a feeding tube and a vibrator; the throwing
device comprises a motor and a turntable; the control box contains a MCU, real-time clock, an analog-to-digital
converter (A / D), button, LED, relay and PCB of current detecting device.

1/
7/ \
/Y

a)

1. Bait Box 2. Leakage Hopper 3. Control box 4. Motor 5. Rotary 6. Shaker 7. Feeding Tube
Fig. 2 the Feeding Machine Structure

3.2 Control Box

The control box is the heart of the programmable feeding machine; its controller (CPU) is the 89C51 of
MCS-51 Series. There are 128B data-storage space, 4kb program space, two 16 timer, two external interrupt and
32 1/0 port in an 89C51. The control system of the bait-throwing machine is shown in Fig.3. Three buttons are
set in it for resuming by alarm, working shift, working time of feeding machine. Resuming by alarm refers to
the time of the bait-throwing machine that automatically starts; working shift refers to a process that the
combination of feeding time and stopping time, i.e. feeding time and intermittent time; working time is total
working hours of feeding machine for a feeding process; electric current detecting device is an important part of
the system which provided analysis state of motor, it provide a correct judgment to realize the quantitative
feeding (quantitative feeding, bait-throwing machine works irregularly, no feed automatic shutdown) , and it can
protect the motor from damage because of short-circuit and excessive rising of temperature ; protection circuit is
designed to enhance its ability of anti-jamming.

BU‘IO‘H ::D Sgc — 1 1 Para.fneter
ol ——" display
Real Time Q::} Controller
Clock < —————— E'PROM
/ —
D | Relay + Motor
. Relay N
Monitoring — : } Shaker
device

Fig. 3 Block Diagram of Control System
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3.3 The Vibrating Feeding Mechanism

The programmable feeding machine adopts the mode of vibration feeding. There is a channel that delivers feed
(feeding tube) between the outlet of leakage hopper and the inlet of throwing device, and a horizontal vibrator at
the central position is set below the feeding tube. With the vibrator, feed in feeding tube fall into the entrance of
throwing device, then throwing out by the thrower. Vibrator’s switches are controlled by CPU; the shaking
intensity is adjusted by working voltage of the vibrator, the principle of the voltage controller is shown in Fig.4.
Once the resistance of the resistor W, (which is outside the chassis shell) and the charge and discharge time of
capacitance C is changed, the turn-on time of the controlled silicon SCR will be changed, so the working voltage
of vibration device can be adjusted (Fig.4 Rc). The circuit provides pulsating DC for the vibrator. Through the
bridge rectifier, 220V alternating current forming a pulsating DC current in the A and K poles of SCR; rectifier
circuit charging C, through the resistor R; and the variable resistor W;; when the voltage of C, reached the peak
voltage (Up) of T4, T1 will resume from dead to conductive and C, will be rapidly discharged by the two junctions
of T, (e, b) and R,, as a result in R, there is a sharp pulse, which will be sent to the control electrode of controlled
silicon SCR to conduct the SCR itself. Once the pulsating DC through O points, the SCR will be cut off
automatically, and the double base diode T;, C; and R, will become a relaxation oscillator to trigger circuit of
SCR synchronously. The voltage of pulsating DC can be regulated by changing the resistance of the variable
resistor Wy. As shown in Fig.4, TVP is a two-way pipe, it can effectively absorb the interference of sharp pulse
voltage and lightning superposed voltage.

I 1

LE SRR

TVP Rec

220V T
20V ad , : . ;

Fig. 4 Voltage Regulating Circuit Diagram

3.4 Brief Introduction of Circuit

As shown in Fig.5 and Fig.6, 89C51 chip is adopted in the system. In PO port 74LS373 chip is applied as bus
isolation one, while there are no isolation chips in the other ports. Three output ends of P1 port (P1.0, P1.1 and
P1.2) are used as the inputs of the external circuit of A, B, C; A is used to start or stop V3 (NE555). When V3
works, three feet output square signals of several kilohertz as interval control signals of loudspeaker. C is used
for control bipolar SCR, thereby controlling the start of scatters motor (G as shown in Fig.6). To avoid the
working influence of the outside circuitry on the microcomputer chip, two power supplies (9V, 5V) is used.

Before starting the machine set the feeding quantity and the feeding frequency sets the parameters, then wait
for the luring time, P1.1 foot outputs the high level and low level successively, then the horn sounds about 20
seconds, fishes are concentrated around the feeding machine. In the next stage, the feeding time, P1.2 foot is in
low level, it’s time for throwing. After a few seconds, it is paused. While P1.2 foot is in high level, it is paused
for a few seconds, and then feed is thrown again, so the circulation is repeated until the feeding time (about
30mins) ends. Next will be the interval, which will generally last about 1 ~ 4h, and there is no throwing in it.
When the interval time is end, the next round of feeding time will begin. The cycle continues like this. If there is
any change during working time, it can be changed at any time as needed.

Because the feeding time and feeding frequency of the machine can be reset, it can save a lot of manpower,
and reduce the effect of man's activities on fishes, which is conducive to the growth of fish.

4. The Design of Software System
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The software composed by the input and the display of parameter, real-time clock, detection of working
current in the motor, motor control, the control of vibrator and fault treatment. Among them, the fault judgment
of motor and the state of feeding box is judged by detecting the working current of motor, the flow of the main
program is shown in Fig.7.

To improve the reliability and convenience of operation, comprehensive considerations have been made for
the software's basic functions and new features, and a variety of functions, such as the parameter setting and
access, real-time clock, timing sampling, real-time control of motor and vibratory device, fault display and fault
treatment have been set in the system during the design of the software. Based on the on-line testing,
continuously strengthening functionality of the software, reliability and capacity of resisting disturbance, further
enriching and improving the function of software is needed.

5. Conclusions

In the automatic bait-feeding system, the components ( except current detecting device ) are nearly the same
as the products of current market, just modify the mechanical assembling structure and add a protective circuit,
and the circuit design and manufacturing technology are reinforced. The promotion of the product’s
performance relies on the reasonable and perfect design of software, because it is the core of the whole system.

In the feeding system, a programmable Ethernet controller is adopted as the control core of the system; it
realizes timing of sound, automatic regular quantitative feeding and the remote control and modification of the
parameters, and the underwater camera outputs video signals to PC machine through the wireless
communication network, for users to view or record. Therefore, the system can effectively solve a series of
problems, such as precise feeding, acoustic taming, an underwater video and remote monitoring system.

At the same time, according to the breeding area, species and different growing stages, the system can realize
scientific feeding by setting the parameters to adjust the quantity of feed, feeding velocity and feeding distance,
which can save manpower and feed, reduce the production cost and environmental pollution due to dissolve of
feed and sedimentary things.

7418373
P1
+5V ps
A 10 Po \ ]
11
12
DS
TR
——JG
89C51
—— TW
+5v

Note: PS, TDS, JG, TW, TR respectively cast time, pause time, feeding time,
feeding frequency set input values.
Fig. 5 System Control Chip Chart
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Abstract: The camera calibration is the basis of putting the computer vision technique into practice. This paper
proposes a new method based on camera calibration for diameter measurement of gear, and analyses the error
from calibration and measurement. Diameter values are gained by this method, which firstly gets the intrinsic
parameters and the extrinsic parameters by camera calibration, and then transforms the feature points in image
coordinate extracted from the image plane of gear to the 3D world coordinate, lastly compute distance between
the sample points and center. The experiment results demonstrate that the method is simple and quick, and easy
to implement, highly precise, and rarely limited to the size of target by calibration.
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2. Introduction

Gear is the most widely used in various bodies of a transmission device, which pass movement and power
between any two axis of space, relied on mutual direct contacting with tooth profiles, so the measurement of
gear parameters will directly affecton transfer powerand the transmission ratio of the whole
organization ™. The traditional measurement methods is too onerous and contain tedious and large computation,
While the current measurement method, attached a lot of high technology and complex structure, result in
relatively expensive price, and requiring professional operator and high calibration service techniques, thus the
range of application is restricted to some degrees . With the rapid development of computer vision
technology and widespread application in China, putting the technology of image processing and camera
calibration into the measurement of gear parameters has become the need of development 1. This method has
advantages of non-contact, high speed of detection, high accuracy, wide measurement range and relatively low
cost. Hence, this method lays foundations for real-time online accurate measurements and detection for gear in
the future.

This paper briefly describesthe theory and algorithm of the plane camera calibration, and gets
the world coordinate position of gear's feature points by taking advantages of the the parameters matrix
between 2D image coordinate and 3D world coordinate .The Zhang Zheng you's plane calibration algorithm
which is referenced in this paper has been tested in many real date to demonstrate that its operation is simple,
flexibility and highly precise, as a result, it greatly facilitates advance of computer vision technology in the
field of non-contact measurements ! .

2. Camera Calibration

2.1 Calibration Theory

According to the pinhole model of camera calibration which is shown in Fig 1, we can establish mathe-
matical model from the relationship between the four coordinates: image coordinate system (origin©o), the real
image coordinate system (origin©1), the camera coordinate system (origin© ), the world coordinate system
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(originow), so that we can calculate the following relationship impressed as formula (1) between the
image coordinate and the world coordinate:
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Fig. 1 Coordinate System
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where ™ = [U Vv 1T|s Homogeneous point on image coordinate. M =[xw Yw zw U is Homogeneous

point of the 3D world coordinate. S is an arbitrary scale factor. and A, named the matrix of the camera intrinsic
matrix ,describe the relationship between image coordinate system and camera coordinate system as shown in

formula (2),with (U.-Vo.) the coordinate of the principal point , <. £ the scale factor in image u and v axes,
and» the parameter describing the skewness of the two image axes. [R tlcalled the extrinsic parameters

which relates the world coordinate system and the camera coordinate system, is the rotation matrix
and translation matrix.

As assumed for the calibration plane, the model plane is on Z=0 of the world coordinate system, namely, (1)
can be written as following:

X
u YW XW
siv|=Alr1 r2 rz t] OW =Alr1 r2 t]vyw|
1 1 1
3)

Xw u 4
Yw|=a*[r1 rz tI'*at| v
1 1

From above, transformational relation can be achieved between image coordinate system and world coordi-
nate system, just matrix H as written in formula (5) (4 as scale factor). Under current case, the lens distortion
and the skewness of the two image axes are ignored so as to simplify the process of calibration.
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2.2 Camera Calibration

The calibration pattern with black and white squares whose size is 10mm * 10mm is printed on a laser
printer and stuck on a glass with a gear measured on the same planar surface. A group of images of plane under
different orientations were taken .Next, let begin our calibration process following these steps:

The first step, the corner points in pixel are detected as the intersection of straight fitted to each
square. Corresponding points of the world coordinate system are marked in mm according to the sequence
of vertical and horizontal squares.

The second step, according to the formula (1) and (5), the simultaneous equations about elements of matrix H
are generated on the basis of corner points in pixel and points of the world coordinate system, and results worked
out by a nonlinear optimization technique based on the maximum likelihood criterion.

The third step, since R is an orthogonal matrix, according to formula (1) and (5), matrix H of each image is
taken into the simultaneous equations. The solution was matrix A, elements of matrix A can provided for the
intrinsic parameters.

The forth step. The extrinsic parameters 2.t are worked out after bringing A and H into formula (5). So
far, the intrinsic and extrinsic parameters of camera have been obtained, that is to say, the process of calibration is
over.

2.3 Calibration Result
The following results can be obtained by MATLAB programming according to the algorithm above.

1855.73.00000436.8t -0.1560.979 -0.13 -191.5)
A= 0 1555.1 312.2§ R=| 0.986 0.162 0.03 t=(-206.0[
0 0 1 | 0.058 -0.124-0.991; 1056.9;

A is the intrinsic parameters matrix of camera. R is rotation matrix. t is the translation matrix. Skewness of
the two image axes are not taken into our account.

2.4 Error Analysis

In order to verify the accuracy of camera calibration, corner points in image coordinate selected randomly
are transformed to the point [><'w ~¥'w ©1 in 3D world coordinate in terms of formula (4) .Then error
evaluation of calibration process can be got by comparison between actual measured points
[<xw Yw ©Oland the points [><'w Y w ©Olthrough calculations. As pictured Fig 2, whether it
is the x-axis or y-axis, most of the error percentage is generally about 1%. Including hardware there are some
influences on the results as well as software and algorithms, like optical devices. The error variances which X
and Y directions respectively are 0.0529 and 0.0471, indicate good stability of error, and the above analysis of
calibration results offer a strong support for utilization in the measurement system.
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Fig. 2 Error analysis of camera calibration (a) The error of X axis (b) The error of Y axis

3. Diameter Measurement
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3.1 Number of Teeth

Median filter is a typical non-linear filter to remove the impulsive noise, actually which is based on the
arrangement order and does a better job of preserving sharp edges and details over the low-pass filter. The
principle of median filter is that the median or center of the pixel will be placed in the output image in the
location corresponding to the center of the window sliding across the pixels of a picture and ranking the pixels in
the window in ascending order, and the process is repeated for all the pixels in the image ®®!.

When counting the number of teeth, the size of filter window should be determined suitably by our
need ,because that the computation time will be directly affected by the window size as there be more values to
sort as a window grow bigger, and the size of window also determines the amount of details that can be filtered
out® The number of teeth is equal to the number of regions by subtracting the median filter image from original
binary image, as shown in Fig 3 ().

3.2 Detection of Center

Firstly, in order to get a symmetric and closed area as shown in Fig 3 (b) below, binary image is filtered by
the 2D circular mean filter. Then the center of region is quite right to the center of gear marked in the Fig 3 (c).

(@) (b) (©

Fig. 3 Images processed (a) Gear Image (b) Image Filtered (c) Marking Center

3.3 Result

In this test, its results N=25 is coincide with the active situation. The feature points in pixel of edge and
center from the results of section 2.3 are transformed to the world coordinate according to the formula (4), and
there is a part of points listed in the following table 1. Center in pixel is (461.899, 221.6885) (pixel), and after
transforming into the world coordinate (36.822, 75.828) (mm).Respectively N points are sampled in the
addendum circle and dedendum circle. The mean values of distance between center and sample points are
regarded as the radius measurement values, so we can get the diameter measurement.

Table 1 Results

Image Coordinate (pixel) ~ World Coordinate (mm)  Dedendum circle diameter (mm

Image Coordinate (pixel) ~ World Coordinate (mm)  Addendum circle diameter (mm

502.48 129.41 15568 80.09 4 3 . 3 5 4 39618 489234 32211 24587 5 3 . 9 8 6
502.48 129.41 15.568 80.09 4 3 3 5 6 39.618 489235 322.17 24599 5 3 9 5 8
502.48 129.4 15567 80.089 4 3 3 5 4 39618 489236 322.2 246.06 5 3 9 5 4
502.47 129.39 15566 80.087 4 3 3 5 8 39618 489237 325.34 186.78 5 3 9 5 2

Measurement (mean) 43.3388mm Measurement (mean) 54.01816mm

3.4 Error Analysis

The following Fig 4 shows the error percentage between standard value and measurement value in the
method proposed in this paper for 30 experiments, where the measurement error of diameter of addendum circle
is basically around 296, and the measurement error of diameter of dedendum circle is basically around +5%,
but on rare occasions, large disparities emerge more strong than the other. Variances of error by statistic
analysis respectively are 0.00067and 0.000557, indicating that the error is basically stable. The most source of
error is image processing besides calibration error.

Since the processing of each pixel in image is universal, not related to the specific or individual, error caused

inevitably in the course of image processing, so in the future research there should be putted more energy for
refining in details.
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Fig. 4 The error of diameter (a) The error of addendum circle (b) The error of dedendum circle

4. Conclusion

By the analysis mentioned above, compared with literatures [3] and [7], the method to get the diameter of
gear based on camera calibration proposed in this paper doesn’t only improve the accuracy of measurement,
specially, but also not restrict the size of diameter measured from camera calibration. Moreover, there is a
problem to explain that sample points in the part of 3 .3 are not uniform distribution in every addendum circle or
dedendum circle, and this demonstrate that this gear is not a strict standard, so this offer a basis for testing the
precision of gear. But in this paper, the approach is imperfect to estimate the number of sample points according
to the number of teeth, and effected by the procedure of image processing. Furthermore, traditional plane
calibration algorithm used in this test require calibration pattern all the time, so this impose restriction on the
occasions applications of method .

Concluded briefly, there are two key issues to solve in the process of putting the computer vision technology
into practice, one is camera calibration, the other is image analysis and processing. How to reduce the error from
the two sides in our future research and applications will attract more attentions, but give us an idea now.
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