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Abstract A fault diagnosis approach based on intrinsic mode singular value decomposition

and support vector machines is put forward. Firstly, the EMD method is used to decompose

the rotating machinery vibration signals into a number of intrinsic mode functions by which

the initial feature vector matrixes are formed automatically. Secondly, by applying the

singular value decomposition technique to the initial feature vector matrixes, the singular

values are obtained. Finally, the singular values serve as the fault characteristic vectors to be

input to the support vector machine classifier and the work conditions and fault patterns are

identified by the output of the classifier. The analysis results from gear vibration signals show

that the fault diagnosis method based on intrinsic mode singular value decomposition and

support vector machines can extract fault features effectively and classify working conditions

and fault patterns of gears accurately even when the number of samples is small.
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1  ��sXo,BIz�e	���N��!a9<�b1o<,,B:R=vBv6�!��	K�s>UBM+�,B:R=v�3$a	��Rm3$,s>UBM+a�-��Q�O��-��Q�i%�Qe)�	�u*!|a
_}[1]

. �Z$��l�7H EMD(Empirical mode decomposition, k7 EMD) as>M+	�[1] =K$I��X<H�	Ka!$l6u',b5as>M+	�[2]
, �	�T,s>a
+:R�X��:as>}H*_aU	N64 (Intrinsic mode function,IMF) ℄B���l|�!as>M+	���3�GM+�`}B�_O9<[3]

. >�	K�T,~&�GG&iaN��!	��bwna|�^�|�YX/B�`}N�&}X<Xo,BIzj_\83�!$[4,5]
. Y~&�GG��V4aow,B)��S�\�[6]

,�<&<�eZj���$sHTR_V4owa,B���Y?�4X<}�N��!ai��P?j�^K8v:a'�B2=a!$m�[7]
, �$,N��!B:R=ve=2[8,9]

. H~GnP?��L=K8T,U	N6e�`}'BY?e4Xa�sXo,BIz	��,$ EMD 	�~�sXoMqs>�{}�_\��� IMF 4�{IqGn IMF 4�9I�:Re4�P�I�:Re4�P�~5�Mqs>:RaFU�L�~I�:Re4�P�{e�`}�,$I�:Re4�Pae�`�H:Re4�#��)#Y?e4X&ia%Ky6$\z�sXoa&�v6B,B&w�~BBMqs>aUy6�L��	�<i��q!Z���*li=vMqs>a,B:R�#X9)i~BBa&�v6B,B&w�{&�
2 W.W�P9h���E[Ah7[d�u[r/EL}��
2.1 4V2:6CQ�*(9

EMD 	���|�!iq�F��s> x(t) }H*_�U	N6;) IMF ℄B[1]

x(t) =

n∑

i=1

ci(t) + rn(t) (1)�j�rn(t) H//;)�X�s>a_�t���! IMF 4 c1(t), c2(t), · · · , cn(t) !�:8s>R�\h(C^Aya9�), EMD 	�a}9<�|�!a���%X�#Mqs>a�i:R�<,$
EMD 	�~�sXoMqs> x(t) �{}I���q_\a n � IMF 4y9I�:Re4�P���H

A = [c1 c2 · · · cn]T (2)�PB9~I�:Re4�P A a:R=v�	��_\5�Mqs>a:R�<�P+Ej��Pae�`��Pa0*:R�5�*w=aOp}�aZ�P4.�Æia�q���Pe�`�MHi�C��Pe�`P�*�.(�}B�s(�}��P��Pe�`�GN��!j:R=v4�saOp}_�s��.(�}�5X*li�LI�:Re4�Pa:R[10]
. �P�=vI�:Re4�Pae�`�H,B:Re4���),$Y?e4X	���!�sXoa&�v6B,B&w�

2.2 SVM I/
SVM �R`}�q!Za�'&K�A�$a�T�,�$D 1 a3Jq!+L[8]

. Dj�RuvB6x!X�3&���H H&`�H1 �H2 !H9!&j)&`��a��p_{,&`a_`�5J℄ja�)x�&j� (margin). 4K



3 a >��g�V-V
O8g�b�~DZ�g6Z.DK|
� 477�'&`	��s&`(YXq3&Vz� (�0UTAH 0),�p�&j��V�&`	<H x · ω + b = 0, QJ��~5�{4�M��_~`}�a��^ (xi, yi), i =

1, · · · , l, x ∈ Rd, y ∈ {+1,−1},H�
yi[(ω · xi) + b] − 1 > 0, i = 1, · · · , l (3)P�&j�e, 2/‖ω‖, �j��Vei,� ‖ω‖2 �i�H�Ap (3)p� 1

2
‖ω‖2 �ia&K	x��'&K�H1 �H2 	a�0��m	7�Y?e4 (Support vector).

E 1 �(�(a
Fig. 1 Optimal separating line

Vapnik "K8s��'&KP?a}�a&;)[11] H
fα(x) = sgn[

l∑

i=1

yiαi(xi · x) + b] (4)bj;{ αi HR�;)
W (α) =

l∑

i=1

αi −
1

2

l∑

i,j=1

yiyjαiαj(xi · xj) (5)<8(
αi > 0, i = 1, 2, · · · , l (6)

l∑

i=1

αiyi = 0 (7)Za℄V`m��< αi ~!a��m xi HY?e4��`
b = yi − ω · xi (8)

ω =

l∑

i=1

αiyixi (9)

2.3 $E4V2:6CQ�*"O�=0&��U&?�KM���TT,U	N6e�`}BY?e4Xa�sXo,BIz	���)n�ZÆ
1) !<!l(Cv6Z���pa,�^A fs �{ N Q,���H��s>�
2) ~I�lv6ZaI�Mqs>�{ EMD }�(CaMqs>a IMF 4a�)(e��bja�V`H n, �6Q���a IMF �) nk < n, �'G<e4�b�* n �4 c1(t), c2(t), · · · , cn(t), a? ci(t) = {0}(i = nk + 1, nk + 2, · · · , n);

3) �F� (2), ~I�lv6ZaI�Mqs>y9I�:Re4�P A, {I~�P
A �{e�`}�sKe�` σj

σj = [σ1
j , σ2

j , · · · , σn
j ] (10)�j�σ1

j > σ2
j > · · · > σJ

j , j X�(Ca&�v6�
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4) �?Y?e4X�H&i�q σj �H��a:Re4�%�Y?e4X�~Y?e4X�{�0�
5),^�1 s>��F)n 2)�3)y9I�:Re4�P Ax,d1b:Re4 σA,x,#q5�H SVM &ia%��� SVM &ia%K$zp�sXoa&�v6B,B&w�

3 >ED/EL}kd"&BB3na,B�:MBzB��L,$��BB�{��bj��HV3BB�>3�!��g*:MBzB,B�,B�B9\2o�$�ga�BB:M0 H
0.15mm, 0�H 0.13mm. !,^�&v6ZaBBMqs>! 20 �)�s^H 7Hz,,�^AH 1024Hz. D 2HzBBBaMqg/ws>�D 3H5a EMD }D�** 5� IMF 4�RDj���K�EMD ��_OaBB,BMqs>}98��� IMF4℄B�(Ca IMF 4�:8(Ca�jFw�m 3 � IMF 4�:8o�a,BsX��P��9�wBUI��vm 3 � IMF 4$y9I�:Re4�P A.

E 2 �+|D.DDCOth0xu�
Fig. 2 The vibration acceleration signal of the gear with broken teeth

E 3 �+|D.DDC.DOtu� EMD �~{8
Fig. 3 The EMD decomposition results of the vibration signal of the gear with broken teeth#\��3&v!aN��!P?�auV3v6B:M,B�<3&)j!3XHv 5�)�H�0���b/)�H1 ���~I�:Re4�P Ax �{e�`}�q_\ae�` σA,x �H�Izs> x(t) a:Re4�p�V3v6 y = −1,*:M,B� y = +1, ,$`}A;)�{d1�)� (5)∼(9) �_\ SVM &i!.)
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α = [0.0040, 0, 0.0076, 0, 0, 0, 0, 0, 0.0116, 0]T, ‖ω‖ = 0.1523, b = −8.1416, ��#� (4) �_\!1 ��a&y6�� 1 "K8 6 �1 �� (3XHva 3 �V3v6� 3 �:M,B��) a�!y6� 1 V-V
O8g�b�~D SVM DC.D�"{8
Table 1 The identified results of gear fault based on intrinsic mode singular value decomposition and support

vector machines�2!t?`w7 ;Sf5 ��℄ H b�* Æ'z7f�a σA,x 10 �	1�� 6 �	1���;N-C 57.7139 29.6136 25.4805 2.0577 1.7603 +1�;N-C 65.9089 34.9811 19.3663 3.1017 2.7193 +1�;N-C 54.0604 30.3268 23.4564 1.4636 1.3412 +1�W4w7 33.3163 19.3193 9.9242 −2.4079 −1.6712 −1�W4w7 33.2064 19.2429 9.6941 −2.4360 −1.6916 −1�W4w7 43.2514 23.2916 15.4972 −0.6295 −0.3004 −1℄{�&y60�eq!Fy�f�H8��)
� SVM <i���!ja!$q!�q�0��m
e 6 � (3&)! 3 �), d1	�C	�P� SVM &i!.)H α = [0.0070, 0, 0, 0, 0.0070, 0]T, ‖ω‖ = 0.1183, b = −6.2941. ~bC1 ��a&y6�n� 1.R�j�\�m
�0��)I�SVM &i�{X+yzi~BB3lv6�{&�GGXL SVM &i�9)!$,i���!j��w�0��)(C�1 ��\�'&K H a�)��^�2{m
�0��)I�SVM �{X~BB�{&�Y��\&Ka�)mi8�+LP�&ia��&}X*4th��6�~BB�,Bq! (�Æ:M�zBe) �{&�a�&P?���,$#Aa	���&P?}H3&P?�{I$ SVM �{�0�.���!BBV3�:MBzB�lv6����d 3 � SVM &i�#\p� y = +1 ��zB,B�y = −1 ��b/v6�a$ SVM1 qzB,BuK$�;$ SVM2 $�!:M,B�P� y = +1��:M,B�y = −1 ��b/v6��I$ SVM3 qV3v6uK$�P� y = +1��V3v6�y = −1 ��b/v6�),PQ�QJ�3\d*�&v6�(T<k-lv6�4�d,$3�&i	�F9N��!�S��	�Cm�<�&)j!3XHv 4 ��0���b/�H1 ���+�!y6n� 2. <�j"K8
6 �1 �� (3XHva 2 �V3� 2 �:M,B� 2 �zB,B1 ��) a�!y6�R� 2 �\�T,U	N6e�`}BY?e4Xa,BIz	�Xyz�!BBa&�v6B,B&w� 2 V-V
O8g�b�~D� SVM DC.D�"{8

Table 2 The identified results of gear fault based on intrinsic mode singular value decomposition and

multi-support vector machines2!t?`w7 SVM Æ'j Æ'z7�* (SVM1 Æ'z7) �* (SVM2 Æ'z7)�{C-C 1.1692(+1) {C-C�{C-C 1.0531(+1) {C-C�;N-C −0.9828(−1) 2.7193(+1) ;N-C�;N-C −1.0428(−1) 1.3412(+1) ;N-C�W4w7 −1.1905(−1) −1.6916(−1) W4w7�W4w7 −1.1243(−1) −0.3004(−1) W4w7
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4 |F�L,$ EMD 	�~�sXoMqs>�{}�q_\a IMF 4y9I�:Re4�P�{I~I�:Re4�P�{e�`}�qMqs>a:R=vK$�R_8X+G�LMqs>a:Re4��I�vI�:Re4�Pae�`�HY?e4X&ia%�.)$~Mqs>�{&�~BBMqs>aUy6�L�a�<i��q!Z�T,U	N6e�`}BY?e4XaIz	��{��*l�!BBa&�v6B,B&w�
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