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Purpose. Blind source separation (BSS) is a new theory and method of vibration signal analysis and processing. With the
development of science, blind source separation is more and more applied in the field of mechanical equipment fault diagno-
sis. In the research, it was applied in gearbox fault diagnosis, which is advantageous to separate mixed signal and make fault
diagnosis.

Methodology. Based on the gearbox experiment platform of laboratory, first, we used the Intrinsic Mode Func-
tion—Singular Value Decomposition (IMF-SVD) source number estimation method to estimate the vibration source number,
then we used the Ensemble Empirical Mode Decomposition-Singular Value Decomposition (EEMD-SVD) method to reduce
noise and the Joint Approximate Diagonalization of Eigenmatrices (JADE) algorithm to separate the signals and extract the
fault features. Lastly, we diagnosed the gearbox fault by further analysis.

Findings. Through many simulation experiments, we found that, in the case of high Signal to Noise Ratio (SNR)(0dB),
the employment of the EEMD-SVD method followed by the JADE algorithm allows separating the vibration signal well and
the separated signal only contains a small amount of noise. The gearbox fault diagnosis showed that the method has good re-
sults when diagnosing the mixed fault of the gearbox.

Originality. We made a study of combining the EEMD-SVD noise reduction method and the JADE algorithm to separate
gearbox vibration signals. The further studies on this aspect may be helpful.

Practical value. The method has good accuracy and reliability when applied for the gearbox fault diagnosis. We will fur-

ther study the application of blind source separation technology in gearbox fault diagnosis.
Keywords: blind source separation, gearbox, EEMD-SVD, JADE, compound fault, fault diagnosis

Introduction. The blind signal separation (BSS) is a
signal processing method, which separates the unknown
source signals from the observed mixed signals. It can be ap-
plied in the field of machinery fault diagnosis. The fault sig-
nal can be separated or extracted for subsequent processing
of the signal and fault diagnosis [1, 2].

Nowadays the blind source separation theory has been
widely used in data processing. It is mainly used in the lan-
guage recognition, image processing, data mining, signal
processing and other fields. With the development of sci-
ence, the blind source separation becomes widely applied in
the field of mechanical equipment fault diagnosis [3]. The
fault diagnosis of a gearbox, especially the gears and bear-
ings, is of great importance to the long-term safe operation.
Some researchers and engineers are studying the fault diag-
nosis of gearbox based on the blind signal separation. Z Li, X
Yan, Z Tian et al. presented a fault detection method for
gearboxes using the blind source separation and nonlinear
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feature extraction techniques. They used the kernel inde-
pendent component analysis (KICA) algorithm as the BSS
approach for the mixed observation signals of the gearbox
vibration to discover the characteristic vibration source asso-
ciated with the gearbox faults and then used the wavelet
packet transform and EMD to deal with the nonstationary vi-
brations to extract the original fault feature vector [4]. M.J.
Roan, J.G. Erling and L.H. Sibul proposed the application of
an information maximization based on the blind source sepa-
ration algorithm (a type of ICA) to gear vibration measure-
ments and shown that the algorithm is capable of tracking the
higher-order statistics of the meshing signature using a single
measure [5]. Jiang Y. and Zhi-Xiong L.I. described a condi-
tion monitoring and faults identification technique for rotat-
ing machineries based on independent component analysis
(ICA) and support vector machine (SVM), and proved the
proposed method is relatively effective [6]. These studies
about the fault diagnosis of gearbox based on the blind
source separation have achieved some results, but further
studies are needed.
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In this research, based on the experimental platform of
the two-level reduction gearbox, we first use the IMF-SVD
source number estimation method to estimate the vibration
source number, then use the EEMD-SVD method to reduce
noise and the JADE algorithm to separate the signals and ex-
tract the fault feature. Lastly we can diagnose the gearbox
fault by further analysis. Moreover, we verified the feasibil-
ity of the method through simulation experiments, and final-
ly applied it to the gearbox compound fault diagnosis.

Experiment method. Many algorithms of the blind
source separation are derived from the background of noise-
less. If there is noise, it is very difficult to estimate the sepa-
ration matrix W, because we need to use the m observation
signals to calculate the m+n unknown signals. But in the
process of the operation of the machinery and equipment,
there will be a lot of noise, making the observation signal
polluted. Therefore, when the signals are separated, it is nec-
essary to reduce the noise of the observed signals and ensure
the correctness of the results. This research combines the
EEMD-SVD noise reduction method and the JADE algorithm
to analyze and process the signals.

The EEMD-SVD noise reduction method. The EEMD-
SVD decomposition and noise reduction process is as fol-
lows:

(1) Ensemble Empirical Mode Decomposition of the
original signal x(¢); we can get K /MF components and a

residual component.

(2) Singular Value Decomposition of each IMF compo-
nent; we get the corresponding singular value and mean
square deviation of the difference of adjacent singular value
sequence.

(3) To sort the mean square deviation from big to small,
calculate the cumulative frequency and according to the cu-
mulative frequency screening the IMF component. The cu-
mulative frequency threshold is between 85 to 90%.

(4) To make the IMF component for noise reduction pro-
cessing, and then adding together, the signal after the noise
reduction is obtained.

The JADE algorithm. The JADE algorithm is a kind of
separation algorithm based on four-order accumulation. Be-
fore the calculation of four-order accumulation, we must first
make a pre-whitening of the mixed signal, that is, by a linear
transformation O, making the components of the mixed sig-
nal unrelated to each other. Then we get the signal after
whitening z(r) = Ox(r) . Thus, the four order accumulation

matrix of the whitening signal can be defined as follows

N

C,(M)= ZCMm(zi,zj,zk,z,)nk,,i,j=1~N- ()
k=1

Where m,; is an element of an arbitrary dimension ma-
trix M.

From the definition of four order accumulation, C_ (M )is
symmetric matrix. So it also can be expressed as

C.(M)=vTAm)Y . ?)

This formula shows that the diagonal matrix A(M ) can
be obtained by using the matrix V' to make the two pro-
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cessing of matrix C, (M ). Arbitrary select different N x N di-
mension matrix »7 , of p , and calculate the four order accu-

mulation matrix under N x N dimension matrix. Finally, a
large matrix c, (Mp) is formed by the accumulation matrix,
then orthogonal separation matrix U by joint approximate
diagonalization of the eigenmatrices algorithm. In summary,
we can get the separation matrix W =UT P

JADE algorithm steps are briefly summarized as follows:

(1) Centralized the observation data x(¢) , and whitening
process, get 7 (1) = Ox(t) -

(2) Joint approximate diagonalization the four order ac-
cumulation matrices C, (M, ) of Z(t), and get unitary matrix
U.

(3) Calculate the separation matrix W =UT P .
Experimental verification. Take the following 4 signals
for simulation analysis, the waveform of original signal x,,

X,. x5 and x, is respectively shown in Fig. 1, a—d.

x; =sin(110072) + 0.5 sin(220077) ;

X, =(1+1.5sin(5072))sin(24072) ; 3)
x5 =sin(4807) sin(10072) ;
x4 =0.25sin(1007 +21) .

0z 0.4

¢ L d :
Fig. 1. Original signals: a — signal x;; b— signal x,; ¢ —

signal x;; d — signal x,

The mixed signal, which is respectively shown in Fig. 2,
a—d, is obtained by random mixing, is then the observation
signal is got by adding the random Gauss white noises whose
mean value is zero and the standard deviation is 0.2 and 0.5
respectively to the mixed signal, shown in Fig. 3, a, b.

x(0) = s(O)+ny () +ny (1) “4)

In the simulation experiment 1, we first used the EEMD-
SVD to reduce noise of the observation signals, and then used
the JADE algorithm to separate the signals, and the signals
time domain waveform in Fig. 4. The results that the signals
were directly separated without noise reduction processing
are shown in Fig. 5.

From Fig. 5, it can be seen that some of the original sig-
nals can’t be identified, which is because that the observation
signals direct separation will be affected by noise. The direct
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separation signal amplitude spectrum is as shown in Fig. 6,
and a large amount of noise frequency components can be
seen from Fig. 6. From Fig. 4, we can find that the signals,
which are separated after the noise reduction have only a
small amount of noise, and their waveform are very similar
to the original signal waveform. The separation denoised
signal amplitude spectrum is as shown in Fig. 7, it can be
seen that the noise component has been largely removed, and
the method has achieved good results, and the validity of the
method is verified.
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Fig. 2. Noise mixed signals: a — noise mixed signal x;;
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Fig. 5. Time domain waveform of direct separation sig-
nals: a — direct separation signal 1; b — direct separa-
tion signal 2; ¢ — direct separation signal 3; d — direct
separation signal 4
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Fig. 3. Noises: a—noise 1; b—noise 2
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Fig. 4. Time domain waveform of denoised separation
signals: a — denoised separation signal 1; b— de-
noised separation signal 2; ¢ — denoised separation
signal 3; d — denoised separation signal 4

70

Fig. 6. Amplitude spectrum of direct separation signals: a
— direct separation signal 1; b — direct separation
signal 2; ¢ — direct separation signal 3; d — direct
separation signal 4
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Fig. 7. Amplitude spectrum of denoised separation sig-
nals: a — denoised separation signal 1; b— denoised
separation signal 2; ¢ — denoised separation signal 3;
d — denoised separation signal 4
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Through many simulation experiments, we can find that,
in the case of high SNR(0dB), first used the EEMD-SVD
method and then used the JADE algorithm can separate the
observed signals well and the separated signal only contain a
small amount of noise. If the signal to noise is relatively low
so that the signal is submerged, the method cannot get good
results.

Compound fault diagnosis. Gearbox experiment plat-
form is the secondary speed reduction gearbox system.
Through replacing intermediate shaft pinion, we can set the
working condition of the gearbox system: broken teeth fault
of gear, gear eccentricity fault, roots of gear crack fault, etc.
Gearbox transmission ratio is 8.62, and its internal structure
diagram shown in Fig. 8. The transmission ratio of the input
shaft and the intermediate shaft is 3.45, the number of gear
teeth is respectively 29 (1st gear), 100 (2nd gear); the trans-
mission ratio of the intermediate shaft and the output shaft is
2.5, the number of gear teeth is respectively 36 (3rd gear), 90
(4th gear).

Gear 1
Input shaft E ] } E
Gear 2

1

@ % QOutput shaft

Gear 4

Fig. 8. Schematic diagram of the internal gearbox

Set the sampling frequency of 12800HZ, the sampling
points of 12384 and the actual motor rotation frequency of
17.85HZ. Make the gearbox in the compound fault state of
the broken tooth fault and the bearing outer ring fault. By
calculated, the rotational frequency of the intermediate shaft
is about 5.177HZ, the input shaft and the intermediate shaft
gear meshing frequency is 517.65HZ, the intermediate shaft
and the output shaft gear meshing frequency is about
186.37HZ, the outer ring fault characteristic frequency of the
intermediate bearing is about 25.08HZ. Collect 8 channel sig-
nals at the same time and take 2 channel signals to estimate
source number by the IMF-SVD source number estimation
method. The singular value decline ratio is shown in Fig. 9.
And we can know the estimated source number is 4 from the
Fig. 9.

Decline ratio

Fig. 9. Decline ratio
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Take 4 sensor channel signals, and the time domain
waveform is respectively shown in Fig. 10, a—d. First, we
used the EEMD-SVD method to reduce noise and then used
the JADE algorithm to separate the observed signals. The
power spectrum of the separated signal is respectively shown
inFig. 11, a—d.

From Fig. 10 it can be seen that the fourth channel signal
has serious impact, and the amplitude is relatively large. The
impact interval is about 0.1930s. The frequency is 5.180HZ,
almost equal to the rotational frequency of the intermediate
shaft. Thus, it can be preliminary judged the existence of im-
pact fault.

From the power spectrum of signal a) in Fig. 11, it can be
seen that there are peaks and edge frequency bands at
518.8HZ and 1034HZ, and the peak of 1034HZ is higher than
that of 518.8HZ. The two frequency respectively is the gear
meshing frequency of the input shaft and the intermediate
shaft (517.65HZ) 1 time and 2 times. In addition, there is a
peak at 625HZ, the difference between 625HZ and 518.8HZ is
106.2HZ, which is about 6 times the frequency of the input
shaft. Also there are peaks at 928.1HZ, 962.5HZ, 1000ZH and
1144HZ, the difference with 1034HZ are about integer (2, 4, 6)
times the input shaft frequency. In addition, from the power
spectrum of signal b it can also be seen the existence of edge
frequency band with input shaft frequency interval at
518.8HZ and 1034HZ. This is similar to the fault feature of the
shaft misalignment, and we can deduce that the input shaft
has a shaft misalignment.

From the power spectrum of signal b in Fig. 11, it can be
seen that there are peaks at 187.5HZ and 375HZ, and the two
frequencies respectively are the gear meshing frequency of
the intermediate shaft and the output shaft (186.37HZ) 1 times
and 2 times. In addition, there is a peak at 1750HZ, and its
amplitude is large, and there is a edge frequency band, after
thinning, the peak at 18HZ, 10HZ and 25HZ are found, respec-
tively approximately 1 time the input rotational frequency
and 2 times, 5 times the intermediate rotational frequency.
After analysis, the 1750HZ is a natural frequency of the gear-
box. Therefore, we can conclude that the intermediate shaft
pinion may have local fault. Because of the severe impact, so
the local fault is likely to be a broken teeth fault.

From the power spectrum of signal d in Fig. 11, it can be
seen that there are a larger peak at 100HZ and a smaller peak
at 200HZ, which respectively are about the outer ring fault
characteristic frequency of the intermediate shaft bearing
(25.08HZ) 4 times and 8 times. We can judge the existence of
the intermediate shaft bearing outer ring fault in gearbox.

Conclusions. Through the simulation experiment verifi-
cation and the analysis of the gearbox compound fault diag-
nosis, it can be seen that the observation signals after EEMD-
SVD noise reduction highlight the fault feature information.
Then through the JADE algorithm for blind source separa-
tion, it can effectively separate the fault signal. Finally, we
can diagnose the gearbox compound fault effectively after a
follow-up signal analysis. It can be seen the method has good
accuracy and reliability when applied for the fault diagnosis
of gearbox in this research. We will further study the applica-
tion of the blind source separation technology in the gearbox
fault diagnosis.
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Fig. 10. Time domain waveform of original sensor channel signal: a — original channel signal of sensor 1; b — original
channel signal of sensor 2; ¢ — original channel signal of sensor 3; d — original channel signal of sensor 4
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Fig. 11. Power spectrum of the separated sensor channel signal: a — separated channel signal of sensor 1; b — separated
channel signal of sensor 1, ¢ — separated channel signal of sensor 1; d — separated channel signal of sensor 1
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Merta. Critie po3/IiJICHHS CUTHAJIIB € HOBAM HAIPSIMOM Y
Teopii Ta METOWII aHaTi3y i 0OpoOIl BiOpaIliifHOTO CHTHA-
Jy. 3 pO3BUTKOM HAYKH CIIIC PO3IUICHHS CHTHAJIB 3HAXO-
JIMTh yce OlbIle BXXMBAHHS B 00JIaCT] JIarHOCTUKY Hecpa-
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BHOCTEH MEXaHIYHOTO YCTaTKyBaHHA. Y JaHiil poOOTi BOHO
3aCTOCOBYETHCS JUTS JIarHOCTHKY HECTIPaBHOCTEH KOPOOKH
MEePEMUKAHHS Iepe/iad, J03BOJISIFOUYM SIKICHIIIE PO3IUTHTH
3MIIIIaHUK CHTHAJ 1 BCTAHOBUTH ITPUYMHN HECTIPABHOCTI.

MeTtomuxa. JlociimpKeHHs MpoBOIocs Ha Oasi labopa-
TOPHOTO EKCIIEPUMEHTAIBLHOIO CTEH/y KOPOOKH IepeMH-
KaHHs nepegay. Crioyarky, /U1 BUSHAYCHHS KUIbKOCTI JiKe-
pen BiOpallii, BUKOPHCTOBYETHCSI METO/I BHYTPILIHBOI MOJIO-
BOi (YHKIII — CHHTYIApHE po3kmamaHHs (IMF-SVD), mami
BHKOPHCTOBYETHCS CYKYITHHH EMIIPUYHHN METOX PO3KJa-
JIaHHS MO BJAacHUX (OPMax — CHHTYJSAPHE PO3KIIaIaHHS
(EEMD-SVD) 1151 3MEHIIIEHHS TIEPEIIKO] 1 aITOPUTM CITiIb-
HOI TIpHOJIF3HOI JiaroHaiizamii BJacHUX MatpHib (JADE)
JUTSL PO3/IJICHHS CHTHAJIIB 1 BUSHAUCHHS O3HAK HECIPaBHOC-
Ti. [Ipyn nopasnboMy aHaiizi BUSIBISIETCS HECHPABHICTD
KOPOOKHM NepeMHUKaHHsI Iepeay.

PesyabTaTn. Benrka KilbKIiCTh TIPOBEJICHUX MOJIEIIOIO-
YHX EKCIICPHMCEHTIB MOKa3aa, [0 B Pa3i 3HAYHOI'O CITiBBiJI-
HOIIICHHsI cUrHaJ/meperikoau (SNR)(0dB), mociigoBHE BU-
KopucranHs EEMD-SVD merony Ta JADE anroputmy 103-
BOJIIE JOCUTH MOOpE BHUALTUTH CHTHAJ, IO, Y PE3yNbTaTi,
MICTHTP JIMIIIE HEBEITMKY KUIBKICTh Tiepermkoyl. JliarHocTrka
KOPOOKH MEepeMUKaHHsI Iiepe/iad oKas3aa, [0 JaHUH METO/T
TIOKa3ye TapHi Pe3yJbTaTH MPU BU3HAUCHHI CKJIAJHNX HECI-
paBHOCTEN.

HaykoBa HoBH3HAa. BrBucHa MOKIIMBICTh TO€IHAHHS
EEMD-SVD MeToy 3MEHIIeHHs iepeniko1 i JADE anropur-
MY PO3JIUICHHS BiOpaliifHUX CUTHAIIIB KOPOOKHU IepeMHKaH-
Hsl IIepeziay.

IIpakTHyHa 3HAYMMICTDb. 3aPONIOHOBAHUI METOJ Jie-
MOHCTPY€E BHCOKY TOYHICTH 1 HAiiHICTh NPH MIarHOCTHII
HeCTIpaBHOCTEl KOPOOKH TIepeMHKaHHs Mepe/iad.

KarodoBi ciioBa: cuine posoinenns cuenanis, kopooka
nepemuxanus nepeday, EEMD-SVD, JADE, cknadHa wecnpa-
8HICMb, OIAZHOCMUKA HeCnPAGHOCMEll

Hean. Crienioe pasziencHne CUTHAIOB MPEACTABIIET CO-
60l HOBOE HAIpABICHUE B TEOPUH M METOJIMKE aHAIN3a H
00paboTke BHOpalMoHHOro curHana. C pa3BUTHEM HayKH,
CJICTIOE Pa3/eiCHHe CUTHAJIOB HAXOAUT BCe OOJbIIee MpH-
MCHCHUC B O6J'IaCTI/I JUArHoCTUKN HeHCHpaBHOCTeﬁ MeExa-
HHMYECKOro 00opyoBanust. B nanHoi paboTe OHO IpUMeHsI-
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eTcsl [T TMArHOCTHKY HEUCIPaBHOCTEH KOPOOKH TIEPEKITIO-
YeHHs Tiepesad, TO3BOJLIA OoJiee Ka4eCTBEHHO pa3NeIHTh
CMEIIaHHBI CUTHATT M YCTAHOBUTH MPHUYMHBI HEUCIPABHO-
CTH.

Metonuka. VccnenoBanre MpoBOAMIIOCh Ha 6asze 1abo-
PaTOPHOTO OIKCIIEPUMEHTAILHOTO CTEHIa KOPOOKH Tiepe-
KITFOUeHUsT Tiepeqad. BHagare, [ onpesieNieHns: KoJude-
CTBa WCTOYHMKOB BHUOpAIIUM, HCIIONB3YETCS METON BHYT-
PCHHE MOIOBOI (PYHKIMM — CHHTYJSIPHOC DPa3JIOKCHHE
(IMF-SVD), nanee mcnonb3yeTcss COBOKYIHBINH SMIMpHYC-
CKHI METOJ Pa3JIOKEHHUs 10 COOCTBEHHBIM (hopMaM — CHH-
rymsaprHoe pasnoxenue (EEMD-SVD) nns ymenbiieHust
MOMEX M ITOPHTM COBMECTHOW TPHOIM3UTEIILHOU JHaro-
Haym3amuu coocTBeHHBIX MaTpull (JADE) mns pasaencHus
CHTHAJIOB U OTIPEICNICHUS TIPI3HAKOB HEHCIIPABHOCTH. [1pn
TIOCTICAYIOIIEM aHAIN3€ BBIABILSIETCS HEHCIIPABHOCTH KO-
POOKH TIepeKITIoYeHUsI Tiepead.

PesyabTarsl. bomnbiioe KOIMYeCTBO MPOBEAECHHBIX MO-
JIETMPYIOMNX SKCIIEPIMEHTOB TT0Ka3aJio, 9TO, B CIIydae 3Ha-
YUTENTLHOTO CcooTHOMmIeHus1 curHa/momexu (SNR)(0dB),
nocnenosareabHoe ucnoias3oBanne EEMD-SVD meroma u
JADE anroputma mo3BOJISIET A0BOJILHO XOPOIIO BBIACIUTD
CHTHAJI, KOTOPBIiA, B PE3yJIbTaTe, COACPIKUT JIUIIH HEOOIb-
I0€ KOJMYECTBO MoMeX. J[MarHocTuka KOpOOKH TEepeKIo-
YeHUs Mepesiad Mokas3aia, 4To JIAHHBIA METO]| MOKa3bIBaeT
XOpOIINE Pe3yAbTaThl MPH ONpEIeTICHUH CIOKHBIX HEHC-
MPAaBHOCTEH.

Hayunas HoBH3Ha lI3ydeHa BO3MOYKHOCTH COBMeIIIE-
Husgt EEMD-SVD mertona ymenbiuenust nomex u JADE an-
TOpUTMa pa3[eicHUs BHOPALIMOHHBIX CHIHAJIOB KOPOOKH
MIePEKITIOUCHNS TIepeiad.

IIpakTnyeckas 3HauMMoOCTb. [Ipe/ioskeHHBIT METO[
JIEMOHCTPHUPYET BBICOKYIO TOUHOCTh U HAJIS)KHOCTh TIPH JTU-
arHOCTHKE HEHMCIPABHOCTEH KOPOOKU TMEPEKITIOYESHUsI Tiepe-
Jad.

KunroueBble ciioBa: crenoe pasoenenue cucHanos, Ko-
pobka nepexniovenusn nepeoay, EEMD-SVD, JADE, cioorc-
HAsL HEUCTPABHOCMb, OUAZHOCTIUKA HEUCNPABHOCMELL

Pexomenoosarno 0o nybonikayii O0OKm. mexH. HAyK

M.O. Anexceesum.  [ama — HaAOX0O0dCeHHs — PYKONUCY
21.11.14.
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