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An Adaptive Identification Algorithm of Nonlinear Output Frequency
Response Functions and Its Application
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(1. State Key Laboratory for Manufacturing Systems Engineering. Xi'an Jiaotong University, Xi'an 710049, China;
2. Staff Office 101, The Second Artillery Engineering College, Xi'an 710025, China)

Abstract: A nonlinear output frequency response functions (NOFRF) frequency adaptive identifi-
cation algorithm (NOFRF-BLLMS) is proposed to deal with the problems that the conventional
identification method of NOFRF needs multiple stimulus and costs long time when the model of
NOFREF is applied to fault diagnosis of analog circuit system. Input observation vectors and ker-
nel vectors are constructed by means of NOFRF-BLMS, which makes the model of NOFRF be-
come a pseudo-linear combination structure, Then, NOFRF adaptive identification recursive com-
putational formula, which satisfies the norm of least mean square error, is deduced based on
block least mean square (BLMS) and constraint optimization theory. Input power is used to esti-
mate recursive learning factors, and output error is used to construct residual error vectors. NO-
FREF is identified via online learning and only one stimulus is needed in NOFRF-BLMS which sim-
plifies the procedure of identifying dramatically and shortens the time of identifying. NOFRF-
BLMS is robust to noise. Experimental results indicate that NOFRF-BLMS costs only 3% of the
identifying time of the conventional method, and the faults are correctly identified.

Keywords: nonlinear output frequency response functions; adaptive identification algorithmj;

fault diagnosis

ks BA: 2011-01-04.  FEEMRIA: #1983 =), B, Wi+A WatE AR RO . B 8 . AR, E4uH. BE
“863 i1k 7%F B3 H (2008AA01Z2126).
[ 2% 4 RIS TE] . 2011-07-26 P28 ik . http: // www. enki. net/kems/detail /61, 1069. T. 20110726. 1625. 002. html



78 [ I N ]

PN

S 5545 &

#H

AR 58 B A AR 1] il , e 7 A TP ALl
FEAL L 2020 AHBEA B AE R EIA 80 Vo iR REK F T
RRALL e [ o DR O ASTADL H i 1 R s W 28 O T2 iy
TAEEADL L PR A A I ) 1Y) i 2 R AR, HLHL 28
FOVFA —E RIS 22 (145 H BE I 1B H TARIRAS Sk
BEIR A 2 (A7 — i B RR DX [R] T ELASE UL H, o
AR — B B W AR PR R L PR o B R
PERFPE AR ALL H % A DR S A U R0 B 12 W5 1
— N ZRRRIXERY R RE, B 5 15E N AT L M
SEE A BE G, B A0 F B 0 R 2 W v
A R T I SRR R RIEE N TR e
TR A L S AST DL P S 1 B R R 12
PO A 80 TR B9 s R AR G M R 6 1 B2 W T
AE N 77 s ZROIHH L TR 2R 8 I ECA AL, 1 S ]
1 — B U TR s W XE LI ] e T AR S
T 5 55 5 L A B A ) L o KRR R 11 i, J 5
it A8 Ay PRIME 5 X P S A SR A vy 5 N T R
LS Ty i e 1 RN B s L St B
B RIS BT AL B AR Lk [P RE ) A BR
S AMEARIT S J7 [m).

Volterra HUB AL AR L 1 2 G0 s 5 A 2L
WA 7 —. FETF Volterra G050 AE L MR 3B & —Fp
ARSI 1, L 32 B SR AR AR BN 52 1 % 328
FEVE 8 G B R I S AR A T 40T FI T A Ak
T BRR ZS 3XF 5 v W L SO R R A
Volterra Z4 i) WU PR by )™ SO 137 oK 4K
(generalized frequency response functions, GFRF).
I X R 2R 58 A s 3 Ay 32 BT GFRE A
B JF HAEE L R G5 0 4 . GFREF #HR 5125507
I 22 HUS TR K. — 2225 ) H GFRF A1
ST T ASEADL P 6 A B 12 W e L E T AR
()25 A% PRESCHR T3 sl 1 K Al AR S PR 1
2z BRI BRI . SCERL6 T8 T —FhaE Ltk
AR B R BR B (NOFRE) 4 18 75 325, S22 GFRF
() —AERIS AR 4 2 A 2 ARG 23 A 1 T 5 1
KR4k BA B RIS M (E. SCERL7-8 1R H] NO-
FRE 8RB A58 T PR 3l 3 G2 il 12 W B 4 T Al
A TCA AN F] R, 265 3 1 A NOFRF 455 7 45 Bl s
FRIERAY 7. H BT, NOFRFE 4% p6 580 69 98 R 07 12 40
SEAFH A Y Je /> R EE SR i TR i
R Kt YR 1z B o TR I A 52 B iy o 32 31— 1Y
BRI SCARL9-11 ] F1 FH 43 e fe /N3 J7 (block least
mean square, BLMS) B IENISY T4tk R0k A b
ISR A TR Ay T el i B R e S

£ 2 T LMS-DET . B RAT s 45 A S k.

AR SCAEBL AL L B 5 B 12 W7 P R A NOFRF A
T, IR T 2 8 SR, R R BLMS 8092 i S8 i
P T —FhAE LM R e IS N R (NO-
FRF-BLMS) iz 535 0 A &0k e G e B vk
SRR KA ORI B — A 2 AR PR OR F
R BRI W, SRS FAIE R T R A R,

1 ARGk b e 1 pR A 5
BEHGA

B RS n A ¢ &1l DA Volterra
WRFIR MU KR

y() = EJ J h,(z s ) || ult—2)dr,
n=1v - i=1
(D
Ak, (et ) NES n B Volterra B84, X H:
HEAT Z2 Y i B0 AR $e n] A5 B KA H, Gy s+
Jo,) s FRZ A SOSE R N pREL (GFRE)

Hn(w] s (W, 9"'96()71) - J "'J wh”(fl 2Ty 9'"9'[‘”) .

expl— (w7, Tw,7, +* +wr,)]dr, de,---dz,
(2)
GFRF 2 2 4 i U A% » A1) T3 b AR 2 R 15 0t
T BT IS B2 W T R O O Tk
I, Lang S5 $ 1T —FhlE Lo vk i b AR R pR 4
(NOFRE) , iZ s 02 GERFE Hifi i () — 4724077 2,
Hoe SCHH

J H, G, »++sjw) [ UG, do,
) =1

G, o) = - .
11 UGw)ds,,
=1

ottt =o
n —= 1 . 2 yeee
U Go) HHA w(e) BB A5 e 2,
e NOFRF £ A iy Jg FR > 4% ok 45040 1 » 11 52
Fr NEFRF #E80A] FH A BR B Bl 4 A

N N
Y(jw) = D Y, () = DG, (U, Gw)  (4)
=1 =1

X N ARG R IR AHHK U, (o) 2 NOFRF B2
n mi‘ﬁi)\aﬂ U,,(]w)io,,ﬁ\:i)‘(ﬂﬂ

J

wFereiita,

3

U,Ga) = [TUGw)ds, (5
—, =1
i —2 a1

N
Y(jw) = D,G, (U, (w) =
n=1

http: / www. jdxb. cn



55 10 9]

L e | RS R e ) vd

PRSI B 38 I RS B 79

N
DUGE+GH WU + U =
n=1
N
DUGRUR =G U +1(GR UL +GL U (6)
n=1

X GG BN G, Go) B9S2 3B A EE 3 US

U, 5098 U, Ga) B SR 8. 853X (6) 55 Al 14

jiZ520

[Requ)}: {U‘f,---,UE, —U, ., —Uﬂ [GR}
UR

ImY () Ul UNUR -, G
(D
AP, GR=[GF, -, GRT,G =[G, -, GV

ReY Ga) JImY Ga) 435308 Y G 1 SE5 F1RE . Hh
U, Go) 15 GG a AL IS A U Ga) e LLH
B oa, ARG U, Go) LA a”.

TEPER NOFRF ¥ g it 3l 15 5 10 e 3 2
—AN R B ) L 23D T LA ) A% R AR
G, Geo) BB 50 A5 5 I8 B 228 A% R A AN
AL B G, Ga) ‘E(l — G =Gy Qo) |U(jw)7U(ju,)- HIE
NOFRF ¥ R — 41 Gi Gaw)s Gz Caw) s *+=
G Ge) 2R PR AT 422 °F 31 7 s (5 5 4
RYGe0E N B SRS N (s 55 1 Ik
W BN (5 5 R w, () = au (), X5 B B 5 R
v, (1) i=1,,N,a, #flay>ay , =>=>a,>0,5i
AL B IE 2N U, Ga) =a U Ga) VY Ge). H
K (D155

GR
Y:AU|:GI} (8)
A
Ay =
WUE e aUS o) e —aUY]
a Uy = Uy aUY o @)UY
aNUlf {\"U% *aNUi : 7a\UI
WU VY a U e aWUY
ReYl(jw)_
ImY; Gw)
Y = :
RCYN(].(U)
ImYN(ij

(&) bRt Iy A . ml 4l it (4 Je /N —3fe vk
BN

GR
[Gl J: (AJA) ALY €D

HAELMRE B N K E R M. |
T GFRF 19 pR 502 2 4619, i NOFRF J& — 4k

(9, B GFRF 75 B3R i 1) 5 iﬁiﬁEMT

MHEHN NOFRF {752 NM A, B.5% N()FRF A3t
BEYL GFRF /M £.

2 NOFRF ¥ pRE000 B i W FriR oA

FEGE At e/ — 3ok i NOFRF W5 3 1
FELESR 3 T LR Ag B R — MR R X SE R 25
TR A T RIXE (AR XE AR B ik 3 rh S .
fif R AR R T B AR A OB g 3 5
A /N (LMS) . BLMS 238 )5 5 /N —. 3¢ (re-
cursive least square, RLS) B 45, LMS B k7 i
BETRE Iy 1], LAY J7 1 22 R 3R R X BER S 8k
E B SR R — A 0 80 B — ki AR5
BLMS 53R 73 e b PR B B R — 41 )Ry 3
Bda P U IE—RRUR i BAT SRR R B Al T
RAHTMRRE ST, A SCRISR FEAR L BLMS 32 e NO-
FRE f#EH ] L.

NOFRF i3, 5 18 5 H ) S A S8 B an &1 1
TN S SRR 5 s X R 1 A B 2R T
A L A T T i AL AR B4 0, U, 5155
WK G, TR I 2 A ] LUAS 21 28 45 1 B IS S
fit Y, KR Y, 5881 d Go i L D,
{22 E,, KBS G, 2ot 45 T 0% A B,
I AT A% PREL G

HWA U /

o T &(M” F ]
frse m || e e v
D

d(n) FFT

Y, @™
IFFT

B 1 NOFRF $53 HAE &

NOFRF 55 3, B & W #1828 9 1) 2R i 72

.

) Xt g A iyt 455 R4 [R) 25 R L IRAS RAE S
W, ={u, (k) |k=1,, L fly, ={y, (L) |k=1,
"'9L}7"’l_19 -,M,m %‘%F%Wl {J\ %'ftTFE *339

FUCREE L AN S o (D =d" (k) ,n=1,

«+,N.u, (k)& NOFRF W85 7 Brig AL XF u,
{ m “(k> ‘k_19'."14}& ym ﬁ?—}‘mﬁ'fﬁinfﬁi
e AGFNE 0 BRI A U, = (U, (kQ,) | k=

http: / www. jdxb. cn



80 [T 7 . ]

PN

o i 545 45

Lyeee L) K3l Y, =Y, (RQ) k=1, L}.
P — AN BE S NL B A UL fi)

INJ,,, - [Ullu] ’ Ulluz L Ulf?'\J]T
Fay A i

(10)

G, =[G, G}, G ]" (11)
KH.G,on=1,-.N J4 n fr NOFRF ¥ ;G,,
KR NL %] 1] &

(2)NOFRF #8051 U, 5 G, AHFe 1 th Lk 1t
Lht
Y, =U,G, 1
Y, =Y, (1.L)+Y,((L+1):2L) + -+
Y, ((N—DL+1:NL) J
(12)
.Y, Fon KEEH NL 5 a4 5Y, Fon KN
L {51 ] &.
() HET BLMS 3k G, U 1 7 HER A
G,..=6G,+2uU'E, (13)
A, J2E S H T E, 9 NOFRF (5% 2 1] 5
E, = [el,---»eZ]Tl
ALY
) : (14)
Y J
N
Hre, ARz BKER L 5 ME,E, &K
J¥ % NL B8 [t s D, R385 s, 35 DR A3
A
En—#ungu>qu@mNmﬂT1
P,, =P, +alU, | :
M—1,1+a=1 J
Hrip, 5P, ¥WRKE N NL H93] . 1=1—q
SRR T SRR RS R U, = P
IR EAAE Py e — N IEEL 0, R /NG T3 3y 2%
s A — R ., BT S

(15

m = Q,e°-

n, =p/a+l U, [ (16)
Ao JE— MR/ IEEL
(OFFPIRIH) NOFRF ¥R 50N
G, = Gu(1:L)
G, = Gu((L+1:2L) 1
an

Gy =Gu((N—DL+ 1):NLJ

7£ NOFRF At #HR sk b iR EEHHA N By

% TG N YR TE AR [R) iR B2 AN TRl A 5 00 38Ul 1 HL
BER T FE P SR R R 3, R T B il b PR S B

1M NOFRF-BLMS H55— UK b » wit ol 38 i 7F 26 2%
I 5 SHER R G4 B L DRI B E T B, B
TP

3 NOFRF #ERI7E AR LAY i il B
ZWrh i

3.1 ETF NOFRF &S 7%
W B IE N HHRA RS T 248 NOFRF 1y
A WA REUE > T A 3R R GE T AR & R T
BEiZWr R RSB A a5 R G R
NOFRF £ A% 0 4 4 e & &k AR AR f. 45 R IEH
RSREZ MR, TSRS SR AR 1Y, WP 42 T

7 15 R BB AIE
| 16,60 | do

F, ==

S 16w | do

B F, AT — ARG i kA T IREL MR
H. AR — ARG MR IR RS W Fy 5
F LFE,>D#EGET 0 R —1NRG L4 7L
PRI BRI U Fy 3N 1 F, (> 1D AR K.

FF NOFRF fA AL B2 W A a0 T
SB’1 Witk 4 m=1.G,=[0,0,-,0]",
P (O=[1,1,-,1]%,, (15 I H AT H T
LR 2,

S|2 XA G ST Lk R R, TR
AT BB AR BdE w, Xy, K u, 47
FersEal g, Xt u,, Ky, dEF7HeE
BHARENU,,., Y, » T i AL FF S NOFRF fry
ik U, %G, 5508 3.

B3 NOFRF #Z By, RO
S E R R E,, Y | E, | >e B, #5
ADHEFEH G, .m=m+ 1. FHEFLE 2,4 |E, | <
e B 30 QT SIS B A pR 5k e 2120 B 4.

B4 AREX QO TSR RE S i1, JE1T iR
.

3.2 NOFRF 7£ % L= AR K B B i A B B2 i

Bl 2 R— 2RI S 1 L EE 4
GO FL R L A T R ALBLCL DL UK AR
TR BN LR 2R L 2 AR, SR A Multisim
10. 0 EDA {4 XT i [ 3 e A7 B 5 405 L. 4%
BT, iZH & A] LU 4 By NOFRF BT B3R . SRkt
WSy f.=10" Hz, % RFH 4=0.2,P, (0) =
1078,1=0. 945,4=0. 055.

(18

http: / www. jdxb. cn



55 10 9]

B A < ALt H AT N R R 1 3 BT R 81

Vee Vee Vee
B 2 C
R 9 R
45kQ 4.5kQ o| 145 i
C|:5 Ry el [1Rs Cy
1K 200k~ 1| YaookateD
¢ LuF K Ql HF  LuF
Qz Rlz 3 R16 Q4
T 40kQ '—-l tor0
C4 RlO CG R C 1
1KY yF 1kQ T uF 1k§§1$§|'

K2 Z90000a 8

EE e iR/ ONGEN BN IPREN ¢ R
o5 o B IS 5 w=asin 2rft) RNy f=
10° Hz,a=10"" V, #FUH 25 H BB AT 4 B 04 49
. B 3 S50 4 GO0 raL B 00 A0 Sl i o A B S 5
PRk HE  fie K 222 6. 21X 10°°, 4K Fir $2 HY 1Y
HEPA B TR A HE R 2

1.0

0.5

[ Y(jw)l/kv

0.0

35 4 Gk (S SE PR R H

1 KT ok ) 22 GO H B 1 B AR
L AR L ATRDUE Y Fy S 3 S Bg I Ih 1 R
HWELUF R, v LIS WIS 3 Gt i i B T AR e bk
R H.
A1 28K BB REHIEE

ST B A R F F, Fy F,
1K 0.8779  0.1217  0.0003 0.000 0
B 2 2% 0.6092 0.3902 0.0006 0.0000
B 3 4% 0.1782  0.8213  0.0004 0.0000
i 4 9% 0.2916  0.7082  0.0003 0.0000

HE— 25 A SO B SEREPEEAT T 5 L SE 5.
PAEE 1 Gt R rL 6 A B0t 5% X6 42, 4 1) ok A% e it
PR L 2 NOFRF-BLMS #8 BUS RS 4 F . L 3% 35
BT IEE R AR R B 3 R, WSS
FHIETZAGES SRR AN 64 A4~ 3 2 BRI
B ARPAE S S FERT  v] LA H R A 1 38 0 A R
FVE TR IR RO REIR SR Fy M 22 A

K EB AT LIS W H H B A e s (L 1 338 1 5503 A B I
ZIO /N T R HE R . SEER AR AU CPUL 2 GB
WAL L B AT
R 2 2ARBEIRE Eeg M AR kiR
SRS RE F F, F; F, FENT /s

1EH 0.8028 0.1961 0.0011 0.0000 0.13

NOFRF-BLMS {f#1 0.7817 0.217 3 0.0010 0.0000 0.14

Bk 0.7933 0.2056 0.0010 0.0000 0.14

3 0.8642 0.1127 0.0216 0.0015 4.59
WA BHRE S A 0.8529 0.1357 0.0111 0.0003 4.24

Bk 0.5747 0.3889 0.0345 0.0019 3.50

4 75 1B

ST ik NOFRF #5788 F 55400 L [ 2R 4 i
BT AL G PR Sk A A i B A2 4% RE T K Y (]
LR 15 T NOFRF (1) £h £k M 45 44, IF 35 T 0 45
BLMS K25 fifb 3 e, $2i1 7 —#p NOFRF H i
I BHRE HE (NOFRE-BLMS) . i i3 2 9% AE L PE Tk
L B B2 T S 5, IE B T NOFRF-BLMS (14 2%
P, FLSEE % B B AR FAE SRR k.

S 30k

[1] MILOR LS. A tutorial introduction to research on an-
alog and mixed-signal circuit testing[ J]. IEEE Trans-
actions on Circuits and System: [[  Analog and Digit-
al Signal Processing, 1998, 45(10):1389-1407.

[2] SUN Yongkui, CHEN Guangju, HUI Li. Analog cir-
cuits fault diagnosis using support vector machine [ C]
// Proceedings of International Conference on Commu-
nication, Circuits and Systems. Piscataway, NJ,
USA.: IEEE, 2007.1003-1006.

[3] YANG Chenglin, TIAN Shulin, LONG Bing, et al.
Methods of handling the tolerance and test-point selec-
tion problem for analog-circuit fault diagnosis [ J].
IEEE Transactions on Instrumentation and Measure-
ment, 2011,60(1):1-10.

[4] CHEN Yu, ZHANG Meng, WEN Xinling. Research
of nonlinear dynamical system identification based on
Volterra series model [ C] // Proceedings of 2010 2nd
International Conference on Industrial Mechatronics
and Automation. Piscataway, NJ, USA. IEEE,

2010:435-438.
(5] XiAf&, % B4, FK:TF Volterra S 4% HE iR A9 AR 2k

http: / www. jdxb. cn ————



82 [ R N S S H 456
Bl B2 W L) . ) 5 U0k, 2009, 24(8): 615.
1167-1171. [9] CLARK G A, MITRA S K. Block implementation of
LIU Bende, HU Changhua. Fault diagnosis of nonlin- adaptive digital filters [J]. IEEE Transactions on Cir-
ear analog circuits based on Volterra frequency domain cuits and Systems, 1981, 28(6):584-592.
kernel identification[ J]. Control and Decision, 2009, [10] OGUNFUNMI A O, PETERSON A M. On the im-
24(8) :1167-1171. plementation of the frequency-domain LMS adaptive
[6] LANG Zhigiang, BILLINGS S A. Energy transfer filter [J]. IEEE Transactions on Circuits and Sys-
properties of non-linear systems in the frequency do- tems: [ Analog and Digital Signal Processing,
main [J]. International Journal of Control, 2005, 78 1992, 39(5):318-322.
(5):345-362. [11] SHYNK ] J. Frequency-domain and multirate adaptive
[7] PENG Zekai, LANG Zhigiang, WOLTTERS C, et al. filtering [ J]. Signal Processing Magazine, IEEE,
Feature extraction for damage detection in structures 1992,9(1) . 14-37.
based on nonlinearity analysis [ J]. Key Engineering [12] Hradtfm, shSs iy, 5 VERE. Rkt R G His K M.
Materials, 2009, 413(8):627-634. VU2 P22 300 K7 A » 2006 : 128-140.
[8] LANG Zhigiang, PENG Zikai. A novel approach for

nonlinearity detection in vibrating systems [ ]J]. Jour-

nal of Sound and Vibration, 2008, 314 (3/4/5).603-

(G x49)

http: / www. jdxb. cn



