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Analog Circuit Fault Diagnosis Using Transfer Learning and LSSVM *

ZHUANG Chengcheng , Yl Hui,ZHANG Jie ,LIU Shuai

(College of Electrical Engineering & Control Science ,Nanjing 211816, China)

Abstract; When diagnosing analog circuit faults using data-driven approaches,if the target fault set is insufficient,
the diagnostic performance will decrease significantly. To solve the above problem,a novel fault diagnosis method
based on transfer learning and least square support vector machine ( TL-LSSVM ) was proposed. This method transfers
related sample set into the target fault training set effectively. In the diagnosis, wavelet coefficients of the output
signals are firstly extracted as features. Then,error penalty term of the source domain auxiliary data is added to the
objective function of the LSSVM classifier, and constructs a new diagnosis model. Finally, testing samples are
imported to the new model for classification. The performance of the proposed approach was validated with a filter
circuit. In the experiment, the proposed approach made the accuracy of single and double fault diagnosis reach
97.2% and 95.7% ,respectively. and show a significant improvement of diagnostic accuracy in situation of insuffi-
cient target fault samples.

Key words :analog circuit;fault diagnosis ;transfer learning;least square support vector machine ;auxiliary data

EEACC:1285;0170L doi:10.3969/j.issn.1005-9490.2019.03.025

EF T3 LSSVM By B8 & i fE 12 B
W, 5 T K A A

(B Tk K2 S TR 516 R 2= B, i at 211816)

8 B ORABRIR Sh A TR RIS T e AR R B D AR T IS TR B T R AP A 4R
H— P T TL-LSSVM AR LI B B2 7 i o 1207 AR SC A IRISEIE 1T 7% 22 FU AR Rl 2R | 1 S B B i 15 5 1) /s
W R BN IR SRS TE LSSVM 23 648 1) FL A e Kb el Al I i ) DR 22 AT 00, R BT B2 R . LB e
B L], SR A5 SRR 20T B XU B2 B BBl R0k B 97.29% 1 95.7% , EFE s T ISWTIERI &,

FRERER) ARV B s WIS N 5 3RS 5 ) s J/ N T SR WL 5 il 0

hE 42 S . TN707; TP181 XERFRINAD . A

X R SIOR O TR S G e o ) | B/
PRIARZNE TTAF Y 25 22 1 55 1) RN 5 a2 i H R
T E SR HE AN TR Ptk R,
TEASTAUL R, i i B 12 WBI vh | AR 22 2 3 T T P
22 BRI SRl SVM ( Support Vector
Machine ) "V A5 HE AR BUS T AP AOBF T BLAR |

RLAD) FL B BR 12 T 2 A v R R E SR ORI AR =X
SIZEXPIAN IR ) ZERE SR IO T, SR 6] £
RTE/ N A 3 I S TR R R A AT AP D R A
P IR , SIS B AR AIE , AT #8177

B SRR : FR A RFFE 4T H (61503181)
575 B 83.2018-08-20 &2 HHE.2018-10-05

X EHRS :1005-9490(2019)03-0668-06

RAIER AR AR, AR 2, STk 7]
e SRR LSSVM ARZE & H T U L B Al e 12
Wt , AEMERR A2 ] RIS ARG iRk . (HRX
SETTIEARBE MR LGN ~T (4 SR FRAE 2SI ZR A
IR A AR R AR oA i, U1 ZRA5 2 iR B At
BRSO IR A A BT BAR & 10 702
RIS AESIBRAE I v R4 8% 52 0 i T2 e
P RGOSR R R RS, e 2 R — € Y o0 A
FE5t X MBI P IAR I I SRR

TR~ AR AL o ~T BT B — S8 B9 00 52



%34 FEIA, 5

HESE A T A5 LSSVM 89 45 I v, 243 544 669

UTAERSZ B LA G TE MBS . SCHR[ 9 1 4% 1
P2y o] B JEAE R, 2 2548 25 LU b, 1 U 3R A
FEABON BTG OL DA R B e, AR SCRHIRCAEL ri g%
TEANTRIEURN A5 5 T A e R K 4l e 95 B H A &bl 73
e PR TR T R o ) /N AR SR R AL
TL-LSSVM ( Transfer Learning-Least Square Support
Vector Machine ) AR DL B 5 B2 TSR, 32207 vk
K /NIt B R AIE 1] B A CHE S Y LSSVM. 43
e P HEATUNSRORIBUN , T E2 S i MRS B

1 FHFEIERE

1995 4EHLAR 27 S FTIT & T NIPS Ll e 4
“Learning to Learn” , /5 i #2% > 98 iF AP &
JEHI, iERE2E 2T 1 B R — B IR 55 4
WO, R RN T BARE 5. 52414522
L, B2 2 e RS BARTE S5, A2 [F] R 27
A AT 55 F B ART 551

TR ) FEALIEIR D FUE55 T WML
D HFFIEZS [RLX R B30 P(X) PR 2 A,
Hr X= {0, | eXo XF—DgE sk, T [
FH PR A 2H R, 28 as (8] AT sk &% £+ ) o

E— ARSI IEEE S D, At R B U AT
% T, — DhRBE A1 BARER D, FU R 2% 2 AE
5 T, B D, AT WAERIERE R D, , i
P BRI sR A MERE (D, # D, 5L T #T,) .

2 TL-LSSVM & j%x1& 5

21 w/PIFRIZFREN

LSSVM FIFH %5 202 oA AR SVM. s o 5 7%
HANSE R RS ol A5 PR A ) R 1 3R i 28
1 Kuhn-Tucker £514-45 3] i) — 2H £ M 5 R 4H 0ok
it 3T —HEAREA A (x50 1 ,i=1,,n,x, € R",
y,=+1,L.SSVM Fi| FHARZR e 5457 iy A B33 e 5 38—
A AERFAE 23 18], (R A 2 1] (R A e pR S A i)
RO A Ry i AR 245 ) P A 28 pR A 1 R, )
SRECH f(x)=w'@(x) +b,

2.2 TL-LSSVM &%

ST B BRI R AL MU S B AR
LIl BB AR G R Bt i i AR ) MR B L 28
[y ) b 0 BARREASEE , | (o, yy ) L TR
ARIREA K d . TL-LSSVM J7 ¥k 75 I LSSVM 114k
(PR e i S < = = W aB 1R8BS € T
ZAES I SR TR R B E AR sk ] B i A
WCHE R ) B bR BRECRT 2R

1 Ct n CS n+m
minf(w,€) = —w'w+— Y &+ &
2 245 2,4

s.t. yi(ngo(xi) +b)= 1-¢, i=1,2,n,n+m

(1)
K. C,.C, 735 B AR BRI R 4R 1 A8 5T 2
B, & NTRZE
FIA Lagrange 77, S =0 (1) BOXHE LA« 45
NFERLAR G HAE I H T o, =0 HI3E, A H
FReREL, H#E 57 Lagrange PREX :

L(wyb’gi’ai):v](wyf)_ Z ai[yi(wT¢(xi)+b)_1+§i]

(2)
FH ISOR P P 0 50, X L 4 ) SR 4525 o 1) v
RIS E R

oL g
— =0=w = Z%%@(%)
ow i=1
6L Cté:i)izl’z"..’n
a7 e imn e

i Siot=nt+t 1, nt+tm
oL ) (3)
—=0= y; =0
(‘)b glalyz
oL .
67=02y£(w1g0(xi) +b) -1 +¢& =0
(6'R

THEAE S w M &, PTAHERE T2

EQ+i Y [« e
R I
itqj:ny:yiyjK(xi’xj)1K(xi’xj):¢(xi)T§D(xj)ﬂg
&%%&,Y=[yl,---,ymm]vr$He=[l,---,l]'l‘7%n+m
Aefyg e, C=diag[ C,,--+,C,,C,,~.C ],

B (4) ] LIRS —H S8 o 1 b, NTTTF5 3]
TL-LSSVM B3 R R ik =0

f(x)=sgn [Z}a,-y,-m,xi) +5] (5)

T A% PR BN T B v A M AT A B BT
PLRET T FEASCH R B T A TL-LSSVM A% bR
B, FRIKAN K (o) =exp[ = | w-x, |7/ (207) ],
1o MRS

3 TL-LSSVM #[EiZ i iE

AR SR X IR S WA AR R 58 4 () R, $i HH—
FT TL-LSSVM WSR2 Wik 1% Bl Al ik
Jah S5 A U S R RS A S R SR A B 2 1 B
it M| S SO B S € e =1 xR (R AT 1B
L FIZWER R B 1,

ST A ST D5 % (AL H i 5 B 12 T R 40



670 W F

% 42 %

RO 1 R,
(R g 55

VU EREERE AL |
|

R AR
|
!
BB

Yk H Rk
TL-LSSVM/32 8

LR LEA RS

B 1 TL-LSSVM #FEi2 iifi 2

FEALTIL IR,

Step 1 XJFFll e B IS R 3RRI5 5, R4
AR Ay L e AR A B

Step 2 FIRIAFEBIN AT ARG REEE Y B
2F > PRI R AR AE A8 A R SR H AR IO AR 4R
S YIRS 3] B bR R %L, 28 5 HIE S0 &
FIbRE, N GE R SE AR 0 T F S,
T={ (%01,
To={(x;,0) 1,

i=1,2,,n
i=1,2,--.,m

x; 1=1,-,n

T={T,T ={(x ¥}, x={
x; 1=n+l,-- n+tm

S={xit, j=1,2,,k
(6)

K. T, R T, 4350002 H bR R Bl sk )l 2R 85000 48
o, B L A FEAR I RRAE 0] 6y, S 0T I P i S 03]
FRZE  n Flm 43512 B A A Bl R ) 2R 500 45 1
FEARANEL, — i n<m, MREERI S S5 ZGER
[] 1) A e B 5

Step 3 HAYNZFEA Y125 TL-LSSVM 43245,
BALL L B B2 W T 22 o R I, T X A3 251
TL-LSSVM 73288 AT 22 70 e 2R 1 7t 1) JCFR 5]
Jr 2R X b SR k(k-1)/2 257
Fedn WX A M 288 T k-1 )2 2 m JE A
PR ZER R AT k-1 RIS SE 2025

Step 4 B ADIAAEAS | XoF ke e 5408 26 47 43 2%
AL 2 KPR RE

4 TRWIE
AL Sallen-Key 75 i I 4 FEL A 12 Wi sk

I 73 O SR Sy R v LI N i O B f TR O =R
S LA Multisim 12 AE 5 52567 6, 5006 10 52 3 i
MATLAB 2014a 52Ji.,
4.1 HBREHEEE

Sallen-Key s 18 1§ 5 i FEL I 09 D A5 A A0 18] 2
Fiw, Je BIARFRIE O A2 B ks . F B AT HL 28 1)
FVFIRZEST W B AR RE Y 5% F1 10% , 155 T 8¢
TRTARPRIE Y 50% 152 B4 il e, 3 5k 72 80 4
Br, 248 C, .C, R, Ry AT ST, F4 B BRI s
MR A S HARE R R B R 1 F13k 2 BF
7, NF 3R HL & TC e

2 Sallen-Key w18 i i FE 2% &
F 1 Sallen-Key 18 & 35 B B BB R

G eSSl FRFRIE il s
FO NF — —
F1 C, 5 nF 7.5 nF
F2 (N 5 nF 2.5 nF
F3 c, 5 nF 7.5 nF
F4 C, 5 nF 2.5 nF
F5 R, 1 kQ 1.5 kQ
F6 R, 1 kQ 0.5 kQ
F7 R, 3 kQ 4.5 kQ
F8 R, 3 kQ 1.5 kQ

% 2 Sallen-Key w18 i i 5 F8 BE W FE#E X

i B FrRBr{E A
FO NF — —
F1 c,,C, 5nF,5nF 7.5 nF,7.5 nF
2 ¢,,C, 5nF,5nF 2.50F,2.5nF
F3 C,,R, 50F,1kQ 7.5 0F,1.5kQ
F4 C,,R, 5nF,1 kQ 2.50F,0.5 kQ
F5 C,,R, 5nF,3kQ 7.5 nF,4.5 kQ
F6 C,,R, 50F,3kQ 2.5nF,1.5kQ
F7 C, R, 5nF,1kQ 7.50F,1.5 kQ
F8 C, R, 5nF,1 kQ 2.5nF,0.5 kQ
F9 C,,R, 50F,3kQ 7.50F,4.5 kQ
F10 C, R, 50F,3kQ 2.5 nF,1.5kQ
Fl1 R, ,R, 1kQ,3kQ 1.5kQ,4.5 kQ
F12 R, ,R, 1kQ,3kQ 0.5kQ,1.5kQ




%38

WM, B HE R TEAF T LSSVM o4 AL 4l v, 3534 [ 14 7 671

4.2 REVEPEHFE

K5V, 1 kHz BYIESZIAN 10 ps,5 V Bk
SRR R R T A 3 SR R A X S g
SRAE ARBUEIR H AR IR G i (5 8 X3k 1 p
AR B 4T 50 ¥R Monte Carlo 430 #7, % 5 )2
Haar /]NEOW i H e 3 564 49 ik, 4 B0/ N B 3 880 e
RUEHENE AL, AR B T 19 B ARl
FEABEAL A LM FR 53, Herh 30 20 5504 2485 5 IR Sl pE A

S 502804k, 741 20 U BAEAE R IR AR A BIE
IYARIIVERE,
4.3 LHERRSH

Pl 3 FITEL 4 25 M T BRI R UL B AR =
gy 2 BRI R FLUFS (F7 00045 il 46
AT, X2 B SCR SE mmA R, AU FER h FLA
F9 F2 A1 F 10 . F3 F1 F 11 fH&PIEARE , 5 5 S5

301 30r 10
\
0r 4 20
= b = =
m ta| m
£ = E
10F 10F
Il 1 I} I Il Il Il Il I
0 40 80 120 0 40 80 120 0 40 80 120
P [kHz Fi /kHz P [kHz
(a) FO (b) F1 (c) F4
151 8r
ol
10+
> > >
o o = o4r
E E E
5 |-
2 =
Il Il ‘ Il Il I
0 40 80 120 0 40 80 120 40 80 120
$ii % /kHz Fi%/kHz $R /kHz
(d) Fs (e) F6 (f) F7
3 BEIRESF L E
40 20 50 50
300 | 15 40 ’l 40
= = Z 30 | Z 30
Z 20 Z 10 = =
= 1= = 20 E 20
10 5 10 10
" Il | | " J Il Il J
0 40 80 120 0 40 80 0 40 80 120 0 40 80 120
BCE Ktz B /kHz P /kHz i kHz
(a) F1 (b) F2 () F3 (d) F4
2.5 12 15 15
Z 15 > 8 > 10 > 10
b Z 6 = =
= 1.0 I = IZE
0.5 2
Il Il I Il Il Il I} " J
0 40 80 120 0 40 80 0 40 80 120 0 40 80 120
P [kHz Fi# /kHz $Z/kHz Fi% kHz
(e) F6 (f) F9 (2) F10 (h) F11

B4 Xk FE g 2 E



672 W F F M %42 K
o FHREFREFLEA X TL-LSSVM B [ 5 1] 24 100 -
C B HL o SATHAL. BERIRFIBER /N 20, 5 s
K BEARUHH 200, MR w,, =0.9,0,, =0.4, 2 £ ol
ST ¢, =1.5,c,=1.7, 857 TL-LSSVM S Ris Wit E s
PRI 5. £ .1/ israaissw
PR B2 WS ANE 5 (a) FER, F1 R FS (1932
T 0535 3R 859% 909% , FLAB BRI T IE 1 5 Pos 0 15 200 25 3
9 100% , SRR EES TR R 97.2% . W2 @iﬁgﬁiw
Wras RN EL 5 (b) BTz, B VR R 12 8T TE i 100
95.7% ol
' — :
o o — z 0r .
6 L ﬁ 85 ‘
& o — &R —— RS > (LSSVM)
B, pu———— sor - A% 5 (TL-LSSVM)
@ -—  SEBRIEAE S 75 e P
I R
f-' °° (b) XUk s =0T L
0720 40 60 80 100 120 140 160 18 Ho EB%S5IEREImnke
PR GERE A
(a) P L 7 5 &£
RS - RSCHR TR T TLLSSYM BBl B i
ol °° _— BESWi ik, ARG I Bk AR
E | L SRR YRR, J4-5 R G I IR K0 4 T S 3
ﬁz Al - o TR A 4K W I ZR4E | Gl IR e o 25 2 A T Bk AR
- oo XTI A3 A R i U T REAS B AN (R 5 1R 1Y 4
o .o’ HAPR LRI, 5 Sallen-Key #5 1E th B
07 50 100 150 200 250 300 FO 017 2L S5, PR 7 0 B R UL ) 452530
WILFA SAABOEFRRE LSSVM 7tk
(b) WU B2 K4
M5 % WHESHERE SEXH.

4.4 FFLESRIE

SHEGHLER 2 ) LSSVM Bk R O T2 #
2] BE Y TL-LSSVM J7 ik M B 47 be s, i H
BRI 20 ZH AR ASOMRAEAS | I ZRpE AR /N E)
KA, i A% 2 > AR #5242 12 Wi 4
i 6 fis .,

MK 6 AT LLE S TR0 H bR A%k
AJREF ARG LSSVM J7 i, B AEIE B8 2 2 155 AU 1| 2
AR WIRCRAR T 1B 2 7 KR FE
HREEABOIG N, 358 2% 2T MR Bl 2 R AT, 2R 3L
WA T TR 2 2 (0 43 2 M 28 i B2 3 18 43 3l
M 16.119%F%H 0 FI 9.82% % H9 1.08% , >4 HARFE
AHGEE] 30 LLE, P B BRI A 5, W
W FEZ SR GO T, By i 7E B AREE A 2 A
I AR 3 e RE

(1] FhoKZE  BOGAR 290, TRl R 43 A7 1S4 1o) 2 BIL Y AR 4D
HLEKE RIS W[ )], (AR AUER240,2008,29(6) : 1182-1186.

[2] Yin SR,Chen G J,Xie Y L. Wavelet Neural Network Based Fault
Diagnosis in Nonlinear Analog Circuits [ J ]. Journal of Systems
Engineering and Electronics,2006,17(3) :521-526.

[3] Wang Y H, Jiang A M, Cheng R, et al. A Novel Approach of
Analog Circuit Sensor Fault Diagnosis Using Fuzzy Integrated
Binary Support Vector Machines [ J]. Sensor Letters, 2013, 11
(11):2174-2176.

[4] Zhang C L,He Y G,Yuan L F,et al. A Novel Approach for Diag-
nosis of Analog Circuit Fault by Using GMKL-SVM and PSO[J].
Journal of Electronic Testing,2016,32(5) :531-540.

[5] A, fTta N, 20 MEE 45, 6T 1 S/ N 27 S 1 A 4L e, i
BHWeH T [ )], Bl (2440, 2017,31(12) 11967
1973.

[6] Song G M,Li Q,Luo G,et al. Analog Circuit Fault Diagnosis Using
Wavelet Feature Optimization Approach[ C]//IEEE International

Conference on Electronic Measurement & Instruments, 2016, 1.



WM, B HE R TEAF T LSSVM o4 AL 4l v, 3534 [ 14 7 673

[7]

Long B,Xian W X,Li M, et al. Improved Diagnostics for the Incip-
ient Faults in Analog Circuits Using LSSVM Based on PSO Algo-
rithm with Mahalanobis Distance[ J]. Neurocomputing,2014,133;

FEARR, B, (1, S TR E AR (T ], R,
2015,35(2) :238-244.

XN RS R IE . FE TR A ) W FLARES H 3L 5 R
M. BN TR ST, 2017,38(9) :2530-2535.

FEIR (1992 - ) , B, U, V1. 95 R il
N R Tl K% e A, 8
5T 7 1) S HL - H B 11 R 2
15151869818@ 163.com;

W A(1991-), B U, I E
(TR A N 0 o WA E = -8 )
75 18] 9 VAR 2R A ik B2 T

[10] Pan S J,Yang Q. A Survey on Transfer Learning[ J]. IEEE Trans-
actions on Knowledge & Data Engineering,2010,22(10) ; 1345-

[11] VSN, A e, 35T LS-SVM AT SVM [0 Sh T 2% i 14 i
T [J]. AR AR A ,2013,26(11) :1610-1616.

[12] Karl Weiss, Taghi M Khoshgoftaar, Ding Ding Wang. A Survey of
Transfer Learning[ J]. Journal of Big Data,2016,3(1) :9.

[13] B, o &, M anss. sk LSSVM iEA%2% > 7 ik i il kil [ 2
W[ J]. I FRAEHR,2017,38(1) :33-40.

5 #E(1984-) 5 DU, LI H M,
R aL Tk R T Bl R, T
FEIT 1] 0 B UK Bl B a2 W S 2% &R
At e TN 55 A BRI S HRU R
jsyihui@ 126.com;

X U (1994-) 5 DU, TG
B Tl K 2F AR g 2k, 8T
J7 18 A R A AS IR U IRl o



