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Abstract—The faults of rotating machinery monitored by
fixing the sensors on rotor directly brings some poblems
such as difficulty in fixing the sensors, poor unigrsality and
so on, while it brings some advantages such as rdpiess,
convenience and good universality and so on by fixg the
sensors on the base. Since the base is far awaynfrthe fault
source, the collected vibration signals are relataly weak.
Multi-sensor information fusion method can describethe
diagnostic object completely because it extends s and
temporal limits, and obtains more information of the
diagnostic object. A rotor crack fault diagnosis méhod
based on base and multi-sensor
information fusion is proposed in this paper. The
arrangement of the sensors on rotating machinery ks was
designed by taking advantage of the vibration tranisivity of

rotor-bearing-base and was verified by experimentsThe
adaptive weighted information fusion method is
investigated, and the fault characteristic value idetected
with multi-layer decomposition of wavelet analysisand the
fault of the cracked rotor is diagnosed effectively by
combining with the Bode diagram in the process ofpeeding
up. The research will provide a new method for thefault

diagnosis of rotating machinery.

Index Terms—base, multi-sensor,
information fusion, fault diagnosis

adaptive weighted,

I. INTRODUCTION

adaptive weighted

The current fault diagnosis method often takes the
rotor as monitoring object directly. Sensors argtdted
usually on the bearing seat which is near to ther noart,
or fixed by special sensor support frames, whickeisy
inconvenient in practical application and has tleorp
universality. Vibration signals are transferrecdthie base
through the rotor and the supporting part durirey ribtor
running, so the vibration signals of base alsouidelthe
fault information. Taking the base as monitoringegbto
diagnose the fault of rotor has many advantagel asc
the convenience to fix sensors and good univeysalit
However, current research in this area is rare uscthe
base is far away from the fault source and theectdd
vibration signals are relatively weak. Multi-sensor
information fusion method can describe the diagnost
object fully because it extends spatial and tengionits,
and obtaingnore information of the diagnostic object. A
rotor crack fault diagnosis method based on bask an
multi-sensor adaptive weighted information fusio® i
proposed.

Qil-film sliding bearings are often used in theges
scale and high-speed rotor system frequently, aitid w
the increase of rotational speed and motor power of
rotating machinery, the influence between rotorteays
and base supporting becomes greater and greaten As
the rotor, sliding bearing and base, there are many
differences in motion forms, materials and struesyand

Large-scale rotating machineries such as steano-turbtheir motion forms are also very complex, so itage to
generator, motor, fan, compressor and pump andnso uild the whole finite element modél. The rotor-
are key production tools of modern enterprises im 0 sliding bearing-base system model was built with

country. With the development of

science andANSYS by considering the stiffness and damping

technology, the higher and higher requirementsh® t coefficients of rotor and sliding bearings and itngacts
performances of rotating machinery such as speedf base synthetically, and the vibration charastis of
capacity, efficiency and reliability and so on arethe base is investigated, and the sensor arrangewfien
proposed. When rotating machinery breaks down,lit w the base is gained, and the arrangement is verified

not only affect the normal running of rotor systeloot
also lead to the serious accident such as shaftiufein

experiments. The adaptive weighted information dosi
method is investigated, the weighted values o$atisors

severe case, which causes the catastrophic damdge t on the base are calculated on the condition tratdtal

whole rotatin
economic losses.
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machinery system and enormousnean-square error

is minimums, and the fusion
information is obtained according to the weightatlies.
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The fault characteristic value is detected withtidalyer  then, the fused valu¥X can be calculated according to
decomposition of wavelet analysis, and the fault oformula (1).

cracked rotor is diagnosed effectively by combinthg

Bode diagram in the process of speeding up. I1l. SYSTEM MODELING WITH ANSYS

Figure 2 is the real image of the rotor test befdte
solid model is built with PRO/E, and the finite mient

The basic idea of adaptive weighted algorithm &,th model is gained by importing the solid model into
on the condition that the total mean-square ersor iIANSYS and modified, as shown in figure 3. Two siigli
minimums, the optimal weighted factors of variousbearings of the finite element model are simulaigith
sensors which are sought by the adaptive way armprd two Matrix27 matrixes, one simulates stiffness matr
to the measured value from the various sensors itieeke the other simulates damping matrix. The dimension
fused result optimal. parameter values of all parts of rotor test bemetshown

A multi-sensor information detection system isin table 1, and the material property parameteneglof
supposed, in which the detected object is tested wi all parts of rotor test bench are shown in table 2.
sensors at the same time. The weighted fusion medel f I
shown in figure. 1, ¥ -, X, are the test data from ¥
corresponding n sensorsg, p*, p, are the weighted ] ¢ gl =
values of the corresponding test data, X is theedus S -
result. The variances of the corresponding tesa dae

assumed as, -+, ¢, and all sensors are supposed tcg

be independent, so the relationship of the fussdltre
between weighted valug &n be expressed as formulas
(1) and (2).

Il. ADAPTIVE WEIGHTED ALGORITHM

Xo X
e ° Fig. 2 Real image of rotor test bench

' AN

1 VOLUMES
FEB 6 2010

23:23:06

! TYPE NUM

Fig.1 Weighted Fusion Model

x=Zn:P,x, Q)
>p=1 ()

Because x ***, X, are independent, so the total mean-
square errok’ can be expressed as formula (3).

0_2 = ZFI)ZO_IZ (3)
It is known from formula (3) that the total meaniace
error o® is the multiple quadratic functions of all Fig. 3 Finite element model of rotor test bench

Table 1 Dimension parameter of rotor test bench

Dimension Name Dimension Name Dimension

weighted values, so the minimum must exist. The
formula to calculate weighted value on the conditibat Name (mm) (mm) (mm)
the total mean-square errar is less on the basis of tumtable bearing
multivariate function for extreme value theory is a jiength 850  jiameter 126 seat 117
following equation. Iheight

sliding

L base turntable bearing
R =1/0] Zg('-l’ 2, (4 width 222 width 16 finner 13

e ] . diameter

So the procedure of adaptive weighted fusion is as bearing sliding
follows. First, the variances of the correspondiesf data  rotor 850 146 bearing 16

2 . . c{Iength seat louter

o’ must be calculated. Second, the optimal weighte llength diameter

factor P can be calculated according to formula (4). And rotor 13 bearing ;‘“d".‘g
/diameter sgat 7 earing 9

/width /width
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Table 2 Material property parameter of the roést bench parts In the finite element analysis of mechanical stites,
M’\?te”a' Density’kgm " c'jf'?St'/‘fw o Plg'st_son Parts the torque loading can be converted into a paifoofe
ame odyusiVTa Tallo _ name loading which are same in size but opposite inctioa.
aluminum 2700 70000 0.35 base, . . . . L
alloy bearing This method is visualized, but there are many Bnit
seat practical operations such as calculating the edgmta
copper 8200 130000 0.35 ) sliding  force on each node manually, heavy workload, amit li
earing fetrilag
steel 7800 210000 0.3 rotor, d!strlbutlon of nodes and so on. Frqm what has been
rotary discussed above, the torque loading is applied g
table of Cerig. The main process is shown in figure éstFof

Material parameter is given to each part of themrot all, an independent node is generated at apprepriat
test bench model according to the table 2. The iisde position on the center line of rotor, and the melssent
meshed by combining with sweep mesh method and locis set as MASS21, as shown in figure 6 (a). Theigid
mesh method, and the mesh of the spindle and lgearistructure between the node which sustains thetoeglie
block are refined. The meshed finite element mairfel and the independent node is built by using Cerig

rotor test bench is shown in figure 4. command, as shown in figure 6 (b). Finally, thegte is
AN applied on the MASS21 mass element directly, asvaho
wmesn figure 6 ().

MASS21 ‘mass-element

Fig. 4 Meshed finite element model of rotor temtdh

IV. VIBRATION CHARACTERISTICSANALYSIS OF BASE
BASED ON TRANSIENT ANALYSIS

A Loading and Solution

According to the torque formular=9550% , in

which, P is power, n is rotational speed, the motower _ o
is 500 W, the rotational speed is 1800 r/min, sottique (b) Establishment of rigid structure
T is 265.28NO0m. Based on the model of rotor test bench,
the transient analysis is selected as analysis type
ANSYS solvers, and the Reduced method is chose to
ascertain the transient responses which are chanied
time and acted upon by the load, then the loadimd) a
solution are done. The torque-time cure of rotstte =&
bench from starting to stable running is shown in
figure 5.

Extended load step Load step 3

(c) Application of torque
Fig. 6 Apply torque loading on rotor

265NM

B Analysis Result

Through loading and solution, the values such as
displacement of the corresponding node, stressisiral
so on can be exported with the postprocessor of Y¥NS
The intensity of vibration signal is measured by th
amplitude. Therefore, the displacements of the
corresponding node are mainly analyzed in this thap
} I } —> The equivalent displacement nephogram of the whole
1s 5s 8s time system is shown in figure 7. The equivalent disptaent
nephogram of the rotor test bench is shown in &gur
(a), the equivalent displacement nephogram of the

Load step 2

Load step 1

Torque O

Fig. 5 Torque-time curve
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turnplate is shown in figure 7 (b), the equivalent [ AN
displacement nephogram of the spindle is showiguré e i
7 (c), the equivalent displacement nephogram oftiadt e

sleeve is shown in figure 7 (d), the equivalent | &

displacement nephogram of the bearing block is shiow '

figure 7 (e), the equivalent displacement nephogedm
the base is shown in figure 7 (f).

According to the results, it can be concluded that
maximum amplitude of vibration occurred at the tahte “
and the minimum at the base; the nearer to the ghaf @
, the greater its amplitude is; some individual posi
between base supports, as the special fields shown
figure 6, are ideal positions to install sensorscause

h | d b h H h d. O pseon PP onseze m orasaz L nzones o azsags

they are locate etween the two constraints, aed t - - - - -

amplitudes are a bit greater than other position. (d) Equivalent displacement nephogram of the sitaétve
I— AN DAL SOLRION w6 2010

STEE=L 16:27:40 SUB =1 eceLize
SUB =1 TIME=5

TIME=S vsuM (ave)

usum (ave) REYS=0

RVE=0 DMX =.026456

DMx =38.213
amx =38.213

sMm =.291E-04
sMx =.026456

| EEEEREEE  ——— |
| I — .291E-04 005902 011774 017647 .02352
a B.492 16.983 25.475 33.867 .002965 .008838 .014711 .020583 .026456
4.246 12.738 21.229 29.721 38.213 N .
- } (e) Equivalent displacement nephogram of the bgdriack

(a) Equivalent displacement nephogram of the rastrbench q P phog 8 AN
AN T 6 2010
STEP=1 16:27:05 TIME=5
e (ave)
v (ave) R0
s T

I . — B

21 Tsae 15.165 FERET 55005 :

(f) Equivalent displacement nephogram of the base

(b) Equivalent displacement nephogram of the tutep! Fig. 7 Equivalent displacement nephogram of thele/eystem

e el C Experimental Verification
e The Dewetron data acquisition system is shown in
e figure 8, in which (a) is data acquisition card) & data

acquisition soft.

'DEWE-MDAQ-PCI-16

CHO  CH2  CH4

I I
509768 1.913 3.316 4.718 6.121
1.211 2.614 4.017 5.42 6.823

(c) Equivalent displacement nephogram of the spindl| .
(a) Dewetron data acquisition card
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(bDetn ta quitio so V6.
Fig. 8 Dewetron data acquisition System A : :
According to the base characteristic determined bgnalysis in the fault diagnosis of rotor crack, the

ANSYS analysis, 6 sensors are arranged on the hase, following experiments are done. Three rotor are

shown in figure 9, whose serial number is from Bi@

1589

is, the greater its correlation coefficient is, tewer, due

to constraints of the bottom of the base, thera Igtle
decline of the function value in the constraint cela
which is consonant with the results of ANASYS finit
element analysis. According to the values of the
correlation coefficients of the sensors, the slétgihaces
for sensor arrangement are 1, 2, 5 and 6.

V. MULTI-SENSORINFORMATION FUSION FAULT
DIAGNOSIS BASED ON BASE

In order to research the effect of multi-sensor
information fusion based on base combined with J&tve

prefabricated, the diameter of the rotor is 13mmi dre

sensor is arranged on the bearing seat, whosel serl@ngth is 83mm, one rotor is uncracked, the otherare

number is 7.

details map
of sensor

arrangement

Fig 9. Sensor arrangement on the base
The correlation coefficient of the sensor signads i
solved with correlation function method, as shown i
formula (5). The correlation degree of two signaind y
is expressed by value of the , which value is between 0

and 1, the more similar waveform is, the closell tthe
value is.

P, (D)=

[“xmy(t-nat

[ ["xwat[”y’ (t)dt]m

the rotors with various crack depth, and the crack
incisions are reserved by wire-electrode cuttihgntthe
cracks are made with fatigue test machine, thehdept
the cracks are 3mm and 5mm respectively, the wofith
cracks are 0.11mm, the crack position locates m th
central of rotor where is close to turntable, anthia
metals whose thickness is 0.10mm is embedded gk cra
to simulate the open or close of crack, and the nitals
is pasted with 502 glue to prevent it falling aff the
experimental process. Through the theoretical aimly
and experimental research, the critical speed ofeth
rotors are 1640r/min, 1500r/min, 1380r/min respedi
and the corresponding power frequencies are 23Hz,
25Hz, 27Hz respectively. The experiments are dame o
the rotor test bench which is made in Quest Spedtra
American. The hardware of signal acquisition is 16
channel signal analyzer which is made in Dewetron
Company of Austrian, and the software of signal
acquisition is Dewesoft 6.2 which is mated with the
analyzer. Sensors are the acceleration sensord vanéc
mated with analyzer, the installation positions thé
sensors are determined by the foregoing researcheon
arrangement of sensors on rotating machinery karse,
the sampling frequency is 10000Hz.

The information fusion of the data of four sensons
the base is done with the adaptive weighted fusion
algorithm, and the fusion signals are obtained. fiime

The data of all sensors are sampled with Dewetrodomain signal diagram (dimensionless) of the fusion

multi-channels’ data sample system. Then the caiiosl
coefficients of data between sensors 1-6 and sehsoe

solved, and the results are shown in table 3.
Table 3 Correlation coefficients of sensors

Sensor serial Number

Correlation Function Value

1

o g~ wWN

0.6301
0.6514
0.4701
0.4451
0.5672
0.6120

signal of the cracked rotors which cracks are 3nmu a
5mm respectively at the test speed of 1800r/mito(ro
power frequency is 30Hz) is shown in figure 10, the
figure 10 reveals that the time domain signal diagr
contains a lot of noise signal, the valuable fault
information cannot be obtained from the diagramtt&o
wavelet decomposition of the fusion signal mustibee.

According to the results shown in table 3, the

conclusion can be obtained that it is similar betwéhe
results of the experimental data analysisl the results of
finite element analysis, the nearer with the bepseat it

©2012 ACADEMY PUBLISHER
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Fig. 10 Fusion signal time domain diagram

The 6 layer wavelet decomposition of both 3mm and
5mm crack depth fusion signals are done and thdtses
are shown in figure 11 and figure 12 respectivéliter
decomposition each frequency band are d1 (25005000
d2 (1250-2500), d3 (625-1250), d4 (312.5-625), d5
(156.25-312.5), d6 (78.125-156.25), a6 (0-78.125)
respectively. Since the fault frequency of the keac
rotor is high-frequency component such as 2 times
frequency or 3 times frequency of the rotation frexry,
so the d1, d2, d3, d4, d5 shown in figure 11 agdré 12
are the false high-frequency component and noisdew
the signal characteristics of cracked rotor vilmaian be
reflected through the spectrum (0~156.25) of d6 afd
The envelope spectrum analysis of the d6 and a@are

and the spectrum characteristics of the

spectrum can be gained and shown in figure 13. The
figure 13 reveals the change of the spectrum dmgra
about cracked rotor on the initial stage (3mm) &idr
stage (5mm), along with the expanding and deepemiing
the crack, the components of fundamental frequemy

times frequency increase steadily over the time.
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Fig. 11 Wavelet decomposition of 3mm crack depsidn signal
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Fig. 12 Wavelet decomposition of 5mm crack depsidn signal
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Amplitude

Frequency

(b) 5mm crack depth
Fig. 13 Spectrum comparison diagram of crackeak rot
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built, the vibration characteristics of the baseg&ned
with transient analysis of the model, and the ne&tat
factors which effect vibration characteristics bé tbase

is investigated. The results of simulation are fiedi by
experiments with correlation function method. The
experimental results indicate that the sensor genarent

is valid. The adaptive weighted information fusion
method is investigated, and the vibration signatsmf
base are analyzed by the adaptive weighted fusion
algorithm, and the fault characteristic value ised&ed
with multi-layer decomposition of wavelet analysike
fault diagnosis of cracked rotor with various crafgpth

is realized. The experiment results indicate tha t
proposed method can identify the crack fault oforot
effectively on the base of rotor test bench.

ACKNOWLEDGEMENT

Financial support from CEEUSRO Special Plan of
Hunan Province (2010XK6066), Aid Program for
Science and Technology Innovative Research Team in

Bode diagram (dimensionless) of the speed increasgigher Educational Institutions of Hunan Province,

process of rotor which has 5mm crack is drawn, thed
amplitude variation in the process is shown in rfiigg4.

Scientific and
Educational

Industrial
Technological

Cultivation Program of
Achievements in Higher

Figure 14 reveals that the amplitude of fusion &ign |nstitutions of Hunan Province (10CY008), Natural
changes obviously when the rotor speed is 1/2 tiofes gcience Foundation of China (51075140), New Century

first-order critical speed, which accords
characteristic that cracked rotor is very sensitivethe

crack because of resonance and the amplitude @fnfus 5ng  Ministry  of

signal will have a significant change. The conausihat

With Excellent Talents (NCET-08-0677), Natural Science

Foundation of Hunan Province Key Project (09JJ8005)
Education Scientific Research
Foundation for Returned Students funded projeats, a

amplitude of fusion signal will have a significattiange
when the rotor speed is 1/2 times of first-ordetica
speed by the Bode diagram (dimensionless) of teedp
increase process of rotor which has 3mm crack t=m a
be obtained.

gratefully acknowledged.

REFERENCES

[1] Y. Pu, J. Chen, and J. Zou, “The Research on Noeali
Characteristics of a Cracked Rotor and Reconsbruci the
Crack Forces,"Journal of Mechanical Engineering Science,
vol.216-11, pp. 1009-1108, 2002.
Y.F. Li, G.T. Shi, “The Modal Analysis based on AKS of
Low-pressure Rotor-bearing System for 600MW Stream
Turbine,” Machinery Design & Manufacture, vol.2-2, pp. 71-
72, 2007.
\ [8] SH.Q. Cao, Q. Ding, and Y.SH. Chen, “Analysis ondelang
003l [ | Steady Rotor System with Sliding Bearings by UstiiM,”
‘ Turbine Technology, vol. 41-6, pp. 347-351, 1999.

| [4] F.CH. Yang, P.M. Xu, and Y.J. Ma, “Finite Elemenbdl
0.02¢ [ 1 Analysis of Rotor-bearing-base SystemMechanical
A Engineer, vol.03, pp. 69-71, 2009.
0.01} N \ , [5] S.H.Li, L. Li, and J.F. Zhang, “Research on Dynaodel
/ / o | of Crankshaft Rotor Hydraulic Bearing System witR@YS”

Journal of System Smulation, vol.20-20, pp. 5706-5713, 2008.
J. Cai, H. G. Wang, “Test and Calculation of Caiti€peeds
of a Rotor,”Journal of University of Shanghai for Science and
Technology, vol.29, pp. 471-475, 2007.
G.H. Gai, “Bode Diagram Plotting of Rotor Startupsd on
Empirical Mode Decomposition,Mechanical Science and
Technology, vol.25, pp. 9-11, 2006.
X. B. Xu, C. L. Wen, and Y. C. Wang, "Informatioigton
Algorithm of Fault Diagnosis Based on Random Setrigte
of Fuzzy Fault Features,'Journal of Electronics &
Information Technology, vol. 31, pp. 1635-1640, 2009.
Otman Basir, Xiachong Yuan, "Engine Fault Diagnbsised
on Multi-sensor Information Fusion Using Dempsteafsr

0.06

A (2]

0.05} A ,

0.04- [ 1

Amplitude

/ \¥r/ —

0
240

‘ ‘ ‘ ‘ ‘
1200 1440 1680 1920 2160 [6]

Revolving speed(r/min)

I
480 960 2400

Fig. 14 Bode diagram of start process 7]
7
Based on figure 13 and figure 14, it is proved that
fault of the cracked rotor is diagnosed effectivbhsed
on base and multi-sensor adaptive weighted infaomat
fusion and wavelet analysis.

VI. CONCLUSIONS 9]

Taken rotor test bench as experimental platforra, th
finite element model of rotor-bearing-base systesn i

©2012 ACADEMY PUBLISHER



1592 JOURNAL OF SOFTWARE, VOL. 7, NO. 7, JULY 2012

Evidence Theory,"Journal Information Fusion, vol.8, pp. Dr. Wu is a member of Hunan Province Instrumentatio
379-386, 2007. Institute. In recent years, he has presided twovipctal
research projects, obtained three provincial acadeewards,

Jigang Wu, who was born on August 3, and published more than 10 academic papers.
1978 in Hunan province, received master
degree in 2004 and Ph.D in 2008 from Xuejun Li, male, born in 1969. He received Ph.D from Central
Wuhan University and Huazhong South University in 2003. He is currently working tdunan
University of Science and Technology University of Science and Technology, China. Hiseagsh
respectively, research field is advancedinterests include fault diagnosis, dynamic monitgriand
manufacturing technology, dynamics of control for electromechanical systems.
machinery and fault diagnosis.

He has been working at Hunan University of Scieand  Kuanfang He, male, born in 1979. He received Ph.D from
Technology since 2008, mainly engaged in theory gradtice ~ South China University of Technology in 2009. Heisrently
of teaching, scientific research. His paper wonlkes &ubpixel  working at Hunan University of Science and Techgglo
Edge Detection of Machine Vision Image for Thin 8&hBart”,  China. His research interests include dynamic manigoand
China Mechanical Engineering (2009), “Research omdla control for electromechanical systems.
Contour Primitive Recognition Method based on Cuneatnd
HOUGH Transform”, Journal of Electronic Measuremantl
Instrument (2010), etc.

©2012 ACADEMY PUBLISHER



