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Fault diagnosis of complex system based on nonlinear spectrum and
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Abstract: When the traditional nonlinear frequency spectrum analysis method is applied to diagnose faults in complex
systems, the amount of frequency spectrum data is very large, causing inconvenience in directly detecting and identifying
faults. A novel fault diagnosis approach is proposed based on the nonlinear frequency spectrum feature and the kernel
principal component analysis (KPCA). Firstly, the first three order time domain Volterra kernels are estimated by the least-
squares algorithm, and then the generalized frequency response functions are obtained from the time domain Volterra
kernels by multiple Fourier transform. Secondly, the KPCA method is used to compress frequency spectrum data and
extract spectrum features. Finally, the multi-classification least-squares support vector machine is used to perform the
fault detection and identification. Because of the nonlinear characteristics of frequency spectrum data, we employ the
mixed function composed of the polynomial function and the radial basis function as the kernel function, so that the local
characteristics and the global characteristics both are taken into considerations. Based on the nonlinear frequency spectrum
data, the detailed algorithms are developed for building the kernel principal component model and for online diagnosing
the faults. Simulation of fault diagnosis for a nonlinear analog circuit and a servo drive system of the numerical-control
machine tool are performed. Experimental results show that the proposed method can greatly lower the data dimensions
and improve the identification rate of faults.

Key words: complex system; nonlinear frequency spectrum feature; kernel principal component analysis; mixed kernel
function; fault diagnosis
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Fig. 1 Fault diagnosis structure diagram of complex system

AN BRI E Ry M, P RAF I TR] 2y
T Z7F 5 % vk % (cumulative percent variance,
CPV)HI{E he. 15N E LY, W T KPCAR Y
1---1
FAIRE S, L= | . R i3
1---1
B Al 2 A B s 1 B S M+-MP+ M3, Xl it
SEAETUAE I REARFE B, zoi(i=1,2,- - -, n) WFEA
W%, Xo = [:1301 oo - :I:On]T GR”X(M+M2+M3),
1o 278 Xo HB g 5 I~ IR | /G047 Xo 2R 1 1) 1)
B 22, 1 2 Wi B 12 W7 I H A1 20 1 A0 A4 1% ) R
Tk A X = (21,2, , Tn) € RIX(M+M*0%)
AT I RS KPCAR A F) 20 B8 A

1) SREUE 2% R 40 1E HOIRE N Fndl £
WL (i =1,2, - -,n), F AL PEE AL AR
[ X o, %t XA T AL A5 X = [Z01 Zo2 - - - Ton]

Foij = M, (7
UOj
i=1,2,m, j =1, ,m.

2) WHZHMK:
Kij = Knix(®oi, Toj), 1,7 =1,--- ,n. (8)
3) X KREAT O AL B
K=K-KI,-I,K+1,KI,. ©)]
4) RIBE MR G = 1,2, n) 5HHE

MiEa; (i =1,2,-- ,n):



12

TR R A% R M 5 % S ou o0 A (1 SR R G ez Wiy 1 1561

Na; = Ka. (10)

) RFHEMEN (1 = 1,2, -, n) WK BN ES 13

M Xo> > M, G, G SR RREAL

ik, BN, i N AR A, RO F SR ()T
HEAT AL

(d;ﬂ)T.azczl/S\k, E=1,2,---,p. 1)

6) K R ART5 ZE Tk A4 € Lo AL wr LA
FICICPVH] BT b A3 21):

[ n o _
CPV =3 X/ A (12)
=1

=1
WP L CPV > et/ UL/ b 4.
A0 8¢ 7 R X o ) S5 AN RE S i) 1 aj, R
S 5 e FEA N A AIE 17 o, PR 55N
S=(1/n)-1 --- 1] € R*",
W2 WD A -
1) #EHTHT3 GFRFE.
KAENA 5 AN (k)5 %0 Hy(k), HR3E LR
BFAGTERT3M Volterrat, SR HU AR 26 M S 1% 45 4 [i)
wX;
2) kb X1EE]X,
= _ Tj— Hoj
T; = 503
3) HHEEHEW = (wy,w, -, wy,):
wi = Kix(®0i, X), i = 1,2, 0. (14)
4) AL,
W=W_-SK-WI,+SKI, (5

7j:17"'5m' (13)

5) WHETIET = (t1,t, -, t5,):
bty = é &), i, (16)
i = 1i_2,.-- o, k=12 1.

6) ¥ LICHET = (t1,te, -, b, MIAFIZ 5

KRLSSVMIEAT 73 1.

R R SK AR AR S M ) &M+
M? + M34E, 4130 582)—5), In] it 4E 5% 200 4.
TBAEBLN, b < M+ M? + M3 SRR
Hl(support vector machines, SVM) & — Pl /NFf A 2
278, R THUR RGN 5, KRR A 1) 3545
AR RIRAE BRI ZUE 2%, LSSVMASVMITK) —
YRR [ R A0 A SRR 2 1 7 R A, BRI T TR A
(P8R 24Pk, DAL R FHLSS VM) 2 28 EAT i b 1R 51,
AR “—xt2” B2 7 KLSSVM.

4 HLH &R G ik ks 2 B 4 5 SE K (Fault di-
agnosis simulation experiment of electrome-
chanical system)

N T Y UEA S5 A Rk, 23 xR e v

SO P B M LR A Hi A% 3 R Gt AT 1 ik iz

P ELSE .

1) ARZe M RBLIT) R B 12 T
Sallen-key 7 i Y8 I a4 A& — P ML 7Y 1) = 4 M A5
JLAL S, FLE P A2 s

K 2 Sallen-keyiy il JE % %%
Fig 2 Sallen-key band-pass filter

AR T B 5T Sallen-key iy 8 Y€ 1 #% F H B T
A TE AR AS WA TR 2 T I R, A A F BEL A A AR A
5% VAN N IEFARE, IEIERIC H+30%, TR
1 H-30%, ¥ Rs 5 R 0 73 B0t %, WL (045 1
W R31EVEEFS . Ry MIEFE RglE?ﬁ%f—‘ﬁZ\ Ry RS
FRE. SN T AV = Zl sin(27 f;t), YEHLf,

fa, 37399 01 kHz, 3kHz, 10kHz.

K H S R 9% 7 14 06 Sallen-key 17 18 Y8 8 2% 1F
AT W sE R, IEHIRE TN, 20 L BH AR A
FRARAE £ 5% 30 W 1 @ o0 A Ry IEIEARE T,
4 Rl 2.6 22935 [ A 1) i T o0 AT s Ry TSIk
AR, 2R3 1.4E2%55 FH N 1= 0190 Ay RyiE
TEIRE R, A RIS 242% V5 H 4 1 i 320 A s
Ry ERRE T, 2 Ry 2.84-2% i [H Py 11 i
I3 AT KFSFIR AT 1 L% 23 3 BEAT S0 ) K,
AN BN A) 1.5 ms, 07 BB K 1074 ms. 42K
FEITE] 240.001 ms, SKAEAC B 41024, 12K &N
M = 8, MR 15 21 1 5 N dan o £k R 2 B
T I B R VR L UL ET 3B VolterraAZ Y | 5k
HUAR R P Bt . 15 GFRFA 3% Bt £ B0 h 8,
21 GFREA i 5 His 40 5 4 64, 35 GFRFS i 4 4
BiE 512, JEPE A% IE HOIRE N 1 — 41 GFRESI I
T3 HTR.

U 3T GFREA 1% £ 1) 1 11 58 17 8 4 5844,
K HE TR A 4% o8 B K PC A 7 148 B A 26 1 4
TR oA g, 2 IR g = 2, 1R 3
PRE o = 1, W R Ep = 1.7 x 1074, BBt
k2 B (e = 99%, Wit T E IR HUETSAS 3 0 T il



1562 oA 5 N A $29 %5

JE R THOTRR AR IR, s 4EH 5844k [ 22 54k 1# i KPCA A5 43 53l 31 B % 5 ROk TR (1)
5040 e S, SR X2 B £k
LSSVM 73 KA AT M b i -5 001, L dE54—
HF 73 2545, 53 ol Ik BURERIIRZS T 192040 32 6%k
P AL 1004 I ZRFEAXTLSS VM 43 2 8 MEAT I 45,
T LR IE T R 12000k
rr=r9=1r3 =14 =15 = 10.

. R AR bR 2590 4% (1 3028 3 e 8l 1 e 6 2l

40

20

PRiE / dB

—-40 1 1

0.0 0.1 0.2 0.3 0.4 0.5 'I//Eljujlj %‘zﬁﬂﬁé 1 Fﬁ‘%
f/Hz
(a) 1P GFRF#ii% % 1 Sallen-key ' i JE K 25 3 [ 12 5] &

Table 1 The recognition rate of Sallen-key
band-pass filter
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Fig. 4 The structure diagram of servo drive system of numerical control machine tool
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Fig. 5 GFRF frequency spectrum of the servo drive

system of NC machine tool
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