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Chaos detection and parameters recovery of Duffing
oscillator for weak SNR signal while drilling
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Abstract : During the process of drilling, the strong vibration and rapid rotation of bottom drilling tools make the attitude measurement
signal contain multi-frequency and high-amplitude interference. The weak original signal amplitude and low signal-to-noise ratio are
difficult to be extracted in the field of measurement while drilling. To solve this problem, a Duffing chaotic oscillation detection method
for weak signal recognition is proposed in this paper. Firstly, the frequency reconstruction of the measurement signal is realized by scale
transformation. In this way, the measured signal can satisfy the restriction of frequency parameters. Then, to solve the influence of the
initial phase of the measured signal on the accuracy of the detection model, Duffing oscillator detection model with full phase coverage is
achieved by changing the initial phase of the driving signal. Finally, the threshold of Duffing oscillator entering the chaotic state is
determined by adjusting the amplitude of the driving signal. The amplitude and phase parameters of the signal are estimated. The test
results show that the root mean square error of inclination detected by chaos is 0.69% , and the relative error of the field—drilling is
within [ 10. 7% , 20. 8% ], which are higher than the results of original measurement data and standard Kalman filter. The feasibility and
effectiveness of the proposed method has been proved.

Keywords : measurement while drilling; Duffing chaos oscillator; weak signal detection; scale transformation; parameters estimation

G FBURT AR R ZUR S, (T3 BRI 215 5 b &
B IRE RS TGS SR N RSN EES
{5 M 1L ( signal-to-noise ratio, SNR) A", WFos¥ #
it i TECSLUIEEA 2 Bk 5IFRER R W] AR SE S IR — e 10g A4, e K AT A3

0 3

[l

Wik F#1:2020-01-20  Received Date:2020-01-20
# LG  PRVTA A AR RERT ST R (20200Q-776) (BRPY A TR (19IK0666) i H % B



236 S/ L R ¥

Fal1E

30g, A FIE S BIMEIE— ORI 1. R, 148 a 4
Hif5 59 SNR Gl % 2 % -20 dB, L E BT, 45
¥ L 3 03 A 5 K A i R 3l 7 S W e o, 0 TR
AN 7= T, B R T RO R
5 MR JRE o B SINR A ARR IR) 8 — B2 Je % 1) il O Bl
i) B R ) B AR £

TG RS54 5 A8 DN 7 2k B SRR e KT BE 410 ] e 7
LT AR A R 75 v S R T B AR 5 A S 5
PR AT B, JE P A P BE RS IR B A IS 5 T DB BR
AAHIC IS 7t SR, SEPRR B B L MR (RS
H R T TR A AR 2, B R A5 S A R A JE R
7%, B AR M A 5 AR IR 73 o DR LA 410 )
W 75 Py ) s, 000 5 45 03 2 AN T RE £ i 52 81 40 ] A
T L IR A A A I R R 0 R R
Bl E Y55 SNR(E SARMEROA I i ok , T B 25
A5S80I, o T BRI T B A 3R 0F Bh 2%
ASAPRE BRI, R R R F — P A U R HL S
PURE T3 AR T %

R TEEE N T5 S A2 M 20 48 90 ARAL%
A A — A BT AT TS U o Duffing 4% 12— Ff iR 7R
TR, ol TR P AR L I A A A ik T HA AR
ZRAARL LS i E R AE S R SR AR T &R
GEREMS S PR A EE AL ™ . 2 Duffing REAL T IR
TP 785 1) DR JE ) B PR 265 e A ) Wi B2, A X ol 58
JE A 5 SRS W P A5 5 G 3 119 5% 1 A 5 LI 7
JEEBOR, T A AR ] , i AR SRR S B 15 A D
B T R R R AR O B e A
Duffing J1z575 5515 5 40 I 19 <2 bR R b AT B2 5 3
H g, [ AN 222 E AR A BNX G B 5 2 o O
AW B e

FET Duffing 4k 7R il 52 GE7E 55 155 46 I v f) I 94
FURRE A S PRG35 SNR 15 5 094 ROR B, thah,
Duffing i 4 bR Z8 H lfs SE(ELAN 15 D045 5 1) Wi L A2
SRCBAT IR, AT 0 TR0 A5 5 i B R R 5 2 B i
o L BT ARSCE R ] Duffing 4 5 1R 7 R 48
XF Bl SNR {5 5 BEA A I AR

1 EFERE Duffing IRFHIFESHSSE SN

1.1 Duffing iR FRE#NMHERFEE

TR R G M2 —J2 RGN 46 55 1 flek
%, RE RGNS T N el A 25 P R GRS I 548
AT S FUTF Holmes %Y Duffing $EFI7F&

2 +kx' —x + 5 =Acos(wt) (1)
X kNP L G E 0. 55 (- v +a7) EARL MK
1 Acos(wt) RJEIH SN 1 (WEFS) , Hrp Ak

WS SR, AR w = 1rad/s, T HFEPIE
LMW AR, X (1) BA Fw i AE &t sl )y 2 5
PR PR, ik A UM SR B RGOS B IR A A Y AR
b th PR B 22 Ak, VR 28 T ) A A T8 VR 3 R R R
JE R

KT RESHA NUNE RIS [ RGURS 1 2
AR PR A VRS Ay pR TR I A ) KR R 2 e AR
BIEFHUE A, IFEZ ) Ao A TRUSRE I A5 5 B {5
S ARG LAY N (2) FR .

x"+0.5x" —x +x° =A,c0s(t) +s(t) +n(t) (2)
Ko, A, =0.82535(0) REEMIEE 4 5(1) = 0. 002cost,
RIS ER S (55 R s 5 S5 n () AT S, 23
WEFEREE D = 8 x 107, M n(1) = (2% 0.000 8) *g(1) ,
g (o) ZBMER 0, 07220 1 e H A S

T SUARWELL SNR=10log(p./p,) , Horb p, FR FrlE
Fs(O) MBTIHAE,p, FRTHARS n(0) R, WL
a0 (2) R AE 5 5 WA T E 5 W SNR 200
=26 dB, T, AR AMEE S BT B IR n (o) iR
EFINE S K1, 4 Duffing 48 HE TR 0 KRE
FABZSHAL IR FUIRZS, I 4 s (1) +n () (551 RIZ R
AT Duffing REEMH A , BIAT3d i 2 (2) 45 19 AH Bk
BRI 5 s (o) BARME, Duffing 5 4t 19 %
AREWPE 1 F7R B 1 P YARFRERR «

S59T5 0 05 0 05 10 15 20
X

(a) RIEAS
(a) Chaotic state

1.5
1.0
0.5

= 0
-0.5
-1.0

s o 05 0 05 10 15 20

X
(b) RRER#IE

(b) Large-scale periodic states

Bl 1 Duffing Z 4tk AR K22

Fig.1 Transition of Duffing system output state



5 2 1]

W— A5 Bl 55 SNR 55 19 Duffing §i FIRMAGI 5K 2 237

M T(a) 3 1(h) AR R F, —J5 0, BT S
SRS R KB (F 5 1Y A R AR [ AR A
S A P IS5 S 0 (RS RO R T m A A, R
G NIRRT A IO RTINS s 55— J5 T, SR TR
{55 TP B A — S SR R Y 3T M (EL S S e 1 45
SRR GURZS R , B Duffing 28 58 X0 M P HLAT S e e
P AZF ] Duffing 4 7R T R 580 1358 15 5 47
HGr I Fr BEAR [

H AR Duffing $& 71 FR 48 n] LU R 5 H 5 A 1
AT IRABESE S BRI H T T Ri% 5 SNR {55
BRI AT A A2 LT [R) i

1) MR ST 47 AT AT, Duffing 45~ 8 A6 I f) iy 412 02
WENE T GRANE S AR — B, X R Rr S S 1Y
FMRIEC M, SR, Z 5 B PR3 DI SR80 G AR HIT LA
KAEFEIZ SRS R0, BERG I 515 = 1Y M R I A 2
FELSEAEL , T DA Bt A 2 S g A W e 50 78 4, 3 gl o
Duffing #&~(4 0 FH 18 BRI SE . 6 A0, 76 QR B AL S BOR
EAE LT , SRS 5 44 1) 722 Ak 2 52 ) 3 e AH 78 1 I
FUIRME A, RN SRR , S BRI 5155 i AR
P B ABEAT 75228 Ry B R SR R 2
R RGN R L, 3 5 4R 0 v 196 Je B Al ) £ %o
SR K

2):0(2) PERFF S MR 0 B 1 rad/s, — 5 TH
SN T RIS s — L R o s R IR R S
FA) B A 7 A 2378 22, AN By ) BRTR D R R R A S0 AR
AL B, A TENIR S BORE T, Duffing 4k T4
AP SIS R ARG I RO . SR, 7 Bl 4 0 2 )
oA S S R AR F 2 AR RO R e, TR B E
TR 27 ~ 6 Z )28 4k, it 1 Duffing 4 8 AR U X
R SEBR I S5 IURs , R G sl ma i Rt Ak, 23
TR Tl ARG ) 3t S AR A 1) PRI X A 152 22
1.2 EFERE Duffing #ikFHIFEHE 585 SN

1) 28 REEAGIN J7

BEXF R ) B, A SCOR ] A8 ROBE BRI X 28 (2) Bs
Bt Duffing 77 B2 gEATACIE , 3X — [A) R ) S B A T Ay %o
BESE I A5 5 (RIS 5 ) BB A T T A 7 4

RBEM AT s (1) = Acos(wr) , Horb A J2HR{H. &
£ Duffing i FHRSERMAL, WEIA—DMEREFR
HOR G s (o) AR EV R B AOR R A BY ¢ =Re, IO, 7E%K
1 FAEAPR o=R#1 rad/s, WM E{E 525K .

s(t') =Acos(wt) = Acos(R « t'/R) = Acos(t') (3)

ME(3) 7T LAFE Y, B A 5 05 5 1Y £ 23 3 A AR
Bl EN o BESE N 1 rad/s , 7€ Duffing #izFB91E T AT LA
K55 s (") R AL, FEARYE R=w BY5CRH0E B A
WFS A IURAE . SR, ZEAL IR SEBRIN 2455 B, i T
okt 2 (3) MLk e B H XL A R BN 55

PEATHRG o PRI, % B BB T ) 2 R AT R AR
PR SR, B IRANT
(D) BBEREEIARA £, MIBAE TS KA -

de = 1/f, (4)
(2) BIAZSRE RBR, BT A KA -
dt' = Rdt = R/, (5)

IR (R I ) (] B 4 T R A% AR B4R 5 £
WRBIEAR T R A, WUl — SRR f,, fidi
FH o BEETIN RS , 38 4 RO AR 408 S RAE A 5y
/R IFER o/R W5

(3) ¥ izf5 5% A Duffing I+, I 215 LKl 2
(5, 58 BOXS BB I 5 A5 5 19 2 B0 A, 3 G 2
Duffing #& 1R R Ge U3 H G5 15 5 1 f A (8.

WL LA EArHr R DUE H, ROBE AR 07 A el 2 i
SHEE RN, R {5 5 i AR5/ I [a] RUFE 8 H AR
B (Rl bR T R 0/ TR, X B AT E BT HE T, A5
Wil 5 Ji AR 2 o

i LA B2 RUEE Duffing #5400 B 2R AT LUE 1, TGI8
FHMES MR SHC 20 BB R HIAA 2 1 rad/s,
S IKSE T B F AT AR ], DR aHAS I ok A 4 2ok ] — 21
FEMRGESH W REEINFIEE A, B8 E S fr
D5 I 035 B JE G, T ff e 7 1.1 e gt i
S 1 AN i A8 RUBE ZR 880 R K BE I 1245 5 1 £ 0
RGEATIRGR , (AT 5 Duffing 41z 1 ARG I 2% 14, D1 0 A
P LT R AR 2 AR

2)) BB £ A5 5 AR S e A 0 £ 552 i

FERTT AT, B BOE RS S s (o) FIK S H
SHRIARRLER g 05 SR, XF T 52 bR A B B4 I 2155, 9
FBIIFA RIS T 0, RIFR MR EAES s (1) Y]
ARALXT Duffing YR I (4 520

e (2) IR S5 S R AR R o, {55110
VAN @, I H ), ¢ e [ -, w]; IS5 5 A iR{E )L
0.825, H TRFINAGE 5 Y £ 41 3 foe 20 3 ok RUJEE 722 6 74
0 1 rad/s, A TRTAL 20 BT , AR — 0P, 422 ) 4

SRR A 1 rad/s, XFE,2(2) IR N

K"+ 0.5 —x +x° = 0.825cos(1 +a) +ycos(t +¢) +
n(t) (6)
Ky HRENAE S B BR{E

HTAET 3T @ XA SCR A, 4 a=0, FXF
2 (6) SR P AT ARG, AT

0. 825 cos(t) + ycos(t + ¢) =

0.825% + 1. 65ycosp +y° « cos(t + 0) (7

Hr @ = arctan[ ysing/ (0. 825 + ycosp) ],

AEL, WEES SES G D =MW
o, ek 6 e (T) AT AL A E AT, 6 B HUE LR
A5 Duffing 28 G2 1 (6 2880, AU B2 B0 ik (14 40 4




238 %/ L £ ¥ R

Fal1E

D78 o FLIE S MR 285 5 1 A = A pR B I A 0T, Sk I
N O T WRAE I ) FRA R o
0.825" + 1. 65ycosp +y° = 0.827 (8)

A (8) £ vt R BB AE 5 | AL 3R Ge IR S AR AU Y e /N IR L
PR, 536 2 2 (8) B, Duffing TR 58 46 1Y I B S 80K
T AU, R Geka B ks TR D 1) R RUBE Ji) A A
NIV IS =

A D RIF IR 5 B MR (E BT LA 2 (8 ) fif 0
S RIAANL @ MR, AR S50 = I AR SCke i v ek
THA % Y B {5 5 A IR AR y = 0. 01, JbiS, AT LA
K% e (-78.8°, 78.8°) o T A I B vERA M, 46
IINFTARL BB FE R, & @ e [ —60°, 60°], FH L, X F
R y=0.01 (INE(E S, Y ¢ 5 o WETEMIEEIN,
AT AR o D3 B (8) w2 I A 5 Y R
{H y>0. 01 B, WA i AR R 3 K. IR IE, —60° <
o < 60° 1 LA Y Bl [RIAE W 2 BT AT y>0. 01 BRI 5o

HT o ATHUEREEZ -7, =] Kk, K48 E
WHRAER M eel-w, —w/3) U(n/3, w]if, TR
IS o XTI 2 X — R 25 R I =05 5, Al A
WIREAE UG 33. 3%  MEFRTERE . o T ARG —[n] B, 2%
RSB AR S HIRIANT o BEATHME . 7E3X(6) H1 433
B a=+27/3 fAAXRZRK-60°<p-a<60°, 715 ¢ JHL
HERE A el -m, —n/3] pe[n/3, w], HILH]
AT IR y=0. 01 (FRFINE S, B4 a=0.+27/3,
It A= (6) , 138135 3 JI AR F 1 3 4> Holmes 7!
Duffing J7 72 ;885 , /3 R A7 28 OB, T X 3 4>
TR AR E SRR S T [, w AR, A
I R 1 A7 R R R A BB A & A AR Ak, ST LA
NI AE 5 B A R A RO AR 55155
%

2 BHNEFESHSHMAT

T 12— AR 23 A S04 Al i, A S KU Duffing k5
AT LA M T4 T Rl 55 SNR (55, JF 6 2 1155
BOBIEAE B o SR, R T A B R SE R SR R,
o B R I 155 00 R A AR 8L 288, BE T A2 s 8 4
MIRIRTE S W o £ 581 Duffing R4S I J7 ¥ A fE [
B ITHE S 24280 HIA ARG T 7 i1 538K
SRIGAR, AE SR g FH B LA 6 P I B D0 5 %o 0 R A S e
PEREER . R T ek — (R, 3 S — A I o {5 5 e B
OSSR R r

H1 L2 5 A A TR, 4 5 (6) A5 A i PR i) 79 2003
X ALY

H(t) =Acos(t + a) + ycos(t +¢) =
- cos(t +0) (9)

A* + 2 Aycos(a — @) + 'y2

H. v, # = arctan[ (Asina + ysing)/(Acosa +
yeose) 1.

Duffing #iz— MR A8 2F A K ROEE Ji B2 00 2544 A
H () (A iRAE 2T

H(t) = /A* + 2 Aycos(a — @) +v° =0.827 (10)

WIRH A, FR Duffing 4z Wil 4f IR 5548 S K
FRUBE JE IAZS A 3K sl 55 MR, DA

A2+ 24, ycos(a — @) +y° =0.827 (11)

Aorr:A, ATLUE SR Duffing ik FAHAAR (LA 2],

(D) FTRAE 2 A, B LR, (1) & RL
WG SR y AL, @ HAR R o, I, %8
FHZAA 7 ik S, — D KTy B I ZJC B2, gk
T 3SR A 0 R B AR LA TR DA S A R R AR 37

AROE S A2 iR W CIF = L (i EREA i)
WAL o R O A ar, I DU A5 5 43 900 g A9 AH 67 AS
[FIA P> Duffing J7 %8 5 SR J5 , 38 A0 V8 B W5 5 72 1 9K 3
5 TR, RIS 2 G0 A0 B 1 A2 e e F Rk A
AR BRI QSR A, F A, 23 R R BIAR AL O
Fl B, Duffing 72 48 A0 28 W 47 & 2B A8 46 19 3K 30 15 5 1R
1B, WG T RIS S5 IR y FIAHDL @ 1 0 IR 5 R4
Al RIR A

A2+ 24, ycosp +y° =0.827 (12)
A2, = 24 ,ycosp + 7y =0.827
R A AR A
y =./0. 827" = A, A,
Ay — A, (13)
¢ = arccos
2,/0.827° - A,A,

A C13) 2 A5 TR (E y FARGL o Mfhi, AT
VA AT S L B BRI T (9) , SR X 5]
FET AE 1.2 4590 O T4 Hri A SR AR R ASRAG I
SR, 7R (8) W [ 2 IR s 15 5 A A 5 I (2, ki
i R DA ) B S L 5 A 7 D)2 ) 3R e A AR S IR A R
A Duffing F IR S5 5 B IR AE, SR )5 B =X (12) BRA7 K A
PR A5 S IR{E v FIARGL o MAIHE.

FEF VAL AT, AR AR B SE BRBER I 15 5 B, FL g R
R0 5 35 FE A A A A5 9

1) i Duffing 77 2RS40, infE=(2) F(6) i, B
FHJEH k=0.5, K S5 5 MM H 0 =1 rad/s, ¥ lH{E
(x(0), x'(0))=(0,0) , IS5 i A=0. 825;

2) M EF SR AK(6) , IFARKI a=0 fl+2m/3
(HRfH y=0. 01 B}) ,#35] 3 4> Duffing K 57 ;

3) GIAAE R RER RN [, VRN o
MIRFINME S, A8 R RN f/R, AN o/R W15



5 2 1]

P— 45 %555 SNR {55 19 Duffing 4k TR AR I 59K 2 239

FLOBOTR K do' = RS SR 3 A4 Duffing #6077 2, AH
SE A2 3 i R GAHUL

4) PR R R TR MR/, WS 3 5Kk R G
P, R 1 S N TR AR IR 2 AR R 1 28, ek

R (BB A5 5 A ATUR A
5) A R G074 R R R TR ZS 0 I S 1H A 0. 827, %%

Duffing 77 TR IR S5 5 A0 A L7051 B B 0 il FFAH
BLCPEASIN AR GE LA 2, (0 i 455 20 i) i A 7 1 A
RYE, W5 %%ﬁj&ﬂ‘ﬁl’fﬂﬂ’]”’rﬁ:

6) A A ELAR T 5 A R 5 1 Bk i R IR,
DU — 5 ) RS 49 DRI S 55 1) Wi 1 B 22 AR Gt o
BRAZ 2 A A s 7 AR G Hh o P WL ke / N BK Bl £
T R ARG A S BRE BRI A . K R G BRE
SR SIS B IR IC R A,

7) IRRE R 7 A5 BTN AR 5 2 BRAZ 9 R R JA 4
SIHIIRIE, I A, BURHE A, FIALRAK(13) 15
Bt I A5 W AEL AR (S, 2 B A1

3 FB%555 SNR E ST K Wk € i A 358

3.1 XW=ERSHIFEHELRE

TSI RIS EE A IR B 5L 56 A BB R
SEARBIIAEE, 7 A A = T R SRR R B TS S
HEIN AR I TE 5 £ P L A8 7 2 ~ 6 rad/s 22
i), 5 S PRl EL e Al 1 e A P (0 5 SRS AR AR 5 i 2o B i
KAR RGO P 35 5 AT 0, I LA A 4G A A 56
WM LR AR . Tl & ikl 2 Pk,

n (t)
5,(1)

lﬁj/s
(a) BRFEAE 50 ()
(a) Noise signal 7,(7)

ETIET,I/S i )/s
(0) RIS 55, (1)
(b) Measured signal s,(7)

DR SRR AR RO TR vl

RIS

giﬁl el

(b) NEZ ARG &
(b) Vibration test bench

(a) MFHOAR S B
(a) Inclinometer adjusting device
K2 Mo

Fig.2 Experimental equipment

N1 Bk ROE Duffing §ik 5 TR 6 5 48 %) BE 5l 55
SNR {55 AN R , 1) FEI ARHASC IR 2 8 4 3 = Jal Jon
M RS S IF A SO S S B AT 0 B4y
Bio HAKN: s,(1) = 0.05cos(2mt + w/3), FHEER
ERGIATRAE  RAEMEN 2.5 kHz,

P S 28 AR S0 377 A IRl 5 S 10% 1 T4
155 KR 2224 0.1 B 35 B v 10 (M 7, B my () =
(2%0.1) " g(1) s B E IR K 0~20 Hz (425 500 i
HEFRRE M) . MEMAGS L(0)=5,(1)+
ny (1) o BEIF BALE S 1,(0) 19 SNR 2579-19 dB, 54
MHAK SNR Z 00 MHAF . 22l A5 5 s, (o) RS (E 5
n,(0) LB S 1,(0) BIPIB S04 tnlEl 3 s o

- —

l(f)

() NS,
(c) Input signal /(1)

K3 S AES ()
Fig.3 Input signal /,(¢) with noisy for Duffing system

ATLAE H, BT A 5 1 SNR AR, i 15 5 9k
SEAEERTEME R 5 5 I, B O 23 A R ME TR
S A MRS s (o) IR 1.2 755 19748 R Duffing 4
TR RGNS HEE S s (o) FEATHI

% MATLAB/Simulink ¥4 2 Duffing & 1 Jili #6: 1)
FAL, SBHJE L k=0.5, WA H «(0)=2"(0) = 0, 3K Z {7
SE{E A=0.825; K H A J5 1% oded, HI 4 Fi Runge-
Kutta 55 #4725, 7H 520 K 0.01 s, £ H I [H]
1000 s; 3441545 1,(¢) 43 5% A Duffing $ig 5 M A5 AL

FLOARKIA BRI G 2 A5 0% 1) ~4) firik
LRI 4 PR

METALE S () RREIEE R al LA L, 21551, (1)
PE ARG ALY 22 7, Duffing P79 i AR P 52 BRI TEAS
W 4 Ca) Brass MAGES 1 (1) Z 5, 58 RE R
R=2m IKSNESHIAHN o= 0 Hf, Duffing §& 9% i AH
PR AR DAy R RUEE TR, P 4 (d) B s 5 R A o« HOH:
ELIT, R Gek AR R IR DS AL, 4 4(b) Fl (e )
N

o XF1 (1) HYIR



240 S/ L R ¥

FalE

1.5
1.0
0.5
= 0
-0.5
-1.0
-1.5 : : - !
-2.0 -1.0 0 1 2
X
(a) RANE 21 (0 R G
(a) Phase diagram of Duffing system
without input signal 7 (¢)
2
1
%0
-1
-2 -1 0 1 2
X
(b) B0z,(1), FFBER=R, =08t RLiHIE
(b) Phase diagram of Duffing system with / (1),
R=n and a=0
2
1
= 0
-1
-2 -1 0 1 2
X
(o) I01,(), FHBER=2m, a=2n/30 REAE
(c) Phase diagram of Duffing system with
1(1), R=2mand o=—2n/3
2
1
= 0

(d) Inz(r), FHEER=2m, o=08f R
(d) Phase diagram of Duffing system with
1(#), R=2m and o=0
K4 AL 1) BRSNS R

Fig.4 Detection results of input signal /,(z) by Duffing system

HEAALG S 1,(0) ORISR Al A 1) 25 o Sl i £

SRR SRS B A W, )RR A 4y B
P52 1 rad/s, AT LUAG R0 D Bl R DU £ 5 1) RO S 5
Hnl i, HLAR RUEE 2800 KN RIS I A5 5 1 A R0
2) ¥ BRSNS R AL o 4351 8T 0 Fl+2m/3, X F I
AT 0.01 (AR S 06234 1 4 Duffing J7 2 A i i1
A RAEAL . BMORUL, i AMGS 1, (1) ZERGAHA
FIRIARDL a=033) 1oy 560 5 I 75 S 23 A28 2R e i s AR ZS
IR Rl 2R S AR B0 SRR 1T E

2) F RS S S HAh T

MRFIME S s, (1) WSR2 )5, B8R LA 1, (1)
NERGEHALE S 6 s, () B R E AR AH A S 80 A T A
T, BT R IRANEE 2 AT 0R 5) ~7) Arik . 5 B4R
e s Fios .

L0
-1
-2 -1 0 1 2
X
(a) a=0, A4 =0.801 R FR G4y tHAH &
(a)Phase diagram of Duffing system
while 20, 4 =0.801
2
1
L0
-1
-2 -1 0 1 2
x
(b) =0, 4,=0.800FF F Gt i #H &
(b) Phase diagramof Duffing system while
a=0,4,=0.800
2
1
£ 0
-1
-2 -1 0 1 2

X
(c) a=m, A =0.851 i Gk thi AR B
(c) Phase diagram of Duffing system while
a-n, A =0.851



5 2 1]

P— 45 BE%E55 SNR 55 19 Duffing 4k IR MR -5 1K 2 241

(d) a=m, 4 =0.850k} R Ge thi A
(d) Phase diagramof Duffing system while
a-n, A =0.850

BS  o=0 Rl m i A RT3 Gekin A
Fig.5 Phase diagrams of Duffing system with different

amplitude at =0 and =

K 5Ca) fi(h) 2% 1,(t) i A% a=0 i Duffing &
Gemt, B E A5 5 e AE 43 3 HX 0. 801 ,0. 800 B Y & 4t fii
R AH L, XILEE AT 0T R G0 A A BR AR Sy R RUEE T B A Y
{H ) 0.801,R0 A, =0.801;& 5(c) FI(d) &4 1,(t) Fi
A | a=m I Duffing 5 ¢ B, 3K 3 7 5 W& {4 53 51 B
0. 851.,0. 850 I Y 22 Gt fii HHAH BT, WLEE ] R 5= G AH S BR
78 Ry KRR SIS i Ak 0. 851, B A, =0. 851, ¥
A T ALARAZ(13) AT 45 s, (o) (R B AN AR 132 2 5053 53
7 0.048 F158.4°,

BB AT A s, (1) S EAGTHR 2 Gt a5 A

1P,

x1 NEESEEMBLGITER
Table 1 Estimation results of the amplitude and phase
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Table 2 Error statistics of attitude solution after filtering
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Table 3 Estimation results of amplitude and phase
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Table 4 Comparison of attitude calculation
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