A
ZI

.
7
N /E‘J 0 BeZs ?PES
: %Eﬁ-f‘ﬁ?ﬁ%] b4 g 1
1=

2 F B F
#HF R

j N

’E 71 4 . éz |. l
° 70N f

n li

FOWE o



B G ARR P A2 TR RN E {1

2R R FER R
Implementation of a real-time fault detection and

correction of fault-tolerant redundant sensors system

i Student : Chia-Chia Yu

g4k
Wx Advisor : Dr. Tsung-Lin Chen

I E R M

BTV

A Thesis
Submitted to Degree Program of Automation and Precision Engineering
College-of Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master of Science
In
Automation and Precision Engineering
February 2012

Hsinchu, Taiwan, Republic of China

AR 101 & 2 0



B SRR Rk Sez T REAR IR L E 1
2 F B EHT R

- R D R OB
Rl ~F1Frppagnpypdi-1mFn

i 2

TE—{E R FH 25 65 BRI B R BRI 2 47 HP S R BRI ZS Y 33 ) (fault. identification) 2 78 A8 8 %
& (redundant) RCHI 25 HHFTREARAYBA (3:30 “voting equations™ SRCHE(T « 21T & RIS chi 7 3 HERRI,
I8 17 SOR S B i St e, T f A2 B0 B RS AR ORI 38 1), A . “RINE” AUSEER
AMSRSEIE o AGwC BT R R AR IR SRR (RIS AYSEEAER S Al S SEER B IR < R
A 772 PA matlab A2 5 EA B Bl A T nI TR ST ©

FITH& L Y fifg T 07 0 9 12 R L AL A S B T AR O i ) R A T e — JF 4 1 1Y TR R A 1 (state
estimation) FEJEE - AL — AR (E AT P BB AR B BORI SRy 252 & M0 DA 2Rl "B
SRR B IE - A FI L — H A9, B o] DUR IS BRIEOHT 2247 1Y Eh 78 J7F2 2((dynamic equations) M1
JiF2 3 (output  equations), #& FH Z 47¢ 0y B & U7 A2 UM H 05 #2 20, Fe (79 =] DUAs B 2 4R B m] B 22 1
(observability) 2t fr B8 5 SR 5T AT DA TE Rt R, P 2 i — IR RE(d H 25 (state observer) R it JHIEE 3521
5% o FAMIFTERHEIREE M AES 2" SOEAR AR & 0z 85 (Kalman filter with fading memory) © 7 A
EHRH e LAY BR (B 1% R ER AR AR [ B A AR A T #8223 R RS B3 1E, (3 58 TEAR A IRHI=s AT
TR RO B4 R LU = 2 &Y LR YR TS -

£ matlab FYREZUREE T, A7 74 AT ARG Y BIHHE R $E RN S0 PAME IE - ARKREY TAER 2
B EGET—ERAE RS A TANT AT - EERAEYID R EA T S OH S N = (E 1A
T LR FE @, LG el oo B R AR @, = ro” A3, 7845 voting equations, BETTHERL
— {82 B BOAEs BRI 245 - B AASE R SR IS B AR MG B — I B R AR B ER,
M A E R AR RS T -
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Abstract

In a sensing system with redundant sensors,fault signal sensor was idenfied through the
“voting equations”that was composed of relations of redundant sensors.However,while do
sensors have noises,the former method will result .in identifying inexactly ,nonreal-time
estimation,and nonreal-time compensation.According to-this issue,the thesis propose one
method to solve this question ~and. to reach real-time fault signal identification and
correction.Then this algorithm design will take matlab program to stimulate and implement
practical experiment to verify responsibility of this algorithm.

We propose a progressive method that convert traditional fault identification method to
observation nonlinear state estimation.That is,observation can observe every sensors’ fault
signals then compensate these errors to reach real-time fault signal correction.To obtain this
goal,we can design dynamic equations and output equations that is depicted redundant sensing
system.We can scrutinize the observability of system to ensure fault signals that is estimated
exactly .We create a state observer to observe fault signal. The state observer which is taken by
ours is “kalman filter with fading memory”.After observer appraised the errors of sensors,we will
take state feedback to correct fault signal of sensors.That is to say,we make corrected sensors
which still can continue to operate in the sensing system. It is to raise output value precision
and reliability of system.

To simulate the matlab program,the algorithm of this thesis can evaluate instantaneously
fault signals and compensate immediately.The point of this thesis design a realistic system to
experiment and affirm this algorithm’s responsibility.To sum it up,we design a revolving
mechanism of motor and place three accelerators(sensors) on it.The three accelaerators have
been placed on different ratio radius(for example:1:1.5:2).Then we use microcontroller to detect
accelerators’ A/D(analog to digital) datas. According normal component equation of curvilinear



motion (&, =r®"),the three normal equations of curvilinear motion have restrainable relations

among them. The three restrainable relations can obtain voting equations and then construct a
redundant sensing system(observer).Finally,we collect accelerators’ A/D(analog to digital) datas
friom microcontroller and take them to matlab program to validate whether the algorithm’s
responsibility of this thesis.
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T RIS 8 U 2 SR RN A SE A -

AT BB B A A A S S L R S B s S5 0 4 B T IS B T B2
HELA L B BB BT, DU (T SR B B T Bt

1.2 {B4reiara 772 BE SORK S
B DR RO s A TR S SR S A1 5 EORIC R SRR RIAE 1971 FAERETR I

FH 2 8 (redundant) J&RCH T 1458 240 AE 85 A L RORDT AR RYERES 2 45 H0 88 B DAL 8855 1104 — A SRR
i FE FDI(fault detection&isolation)ifi FDI 32455 By WifE[8][12][17]:

1.fault detection FIJFH Z ERIEHIZSHY 7 205 Hi 2 S e Ee BRI 25 L1 88 -

2.fault isolation: 4 1E HFL L R HI G $5 ER A A B R AT fATHRF HA B -
18 i% A T 2RI SE 1%, T A 525 1 28 3% TA(identification and accommodation)J5,2:,[# 15 FDI 74
% 7 55N ER 3 B0 [8):

1.fault identification: & ECHI B $EERERRAY A/ N ~ BYRE R AEHH -

2 fault accommodation: {5 FH % &= E% 1E & HYRCHIZS B S & A S aRa Ay BRI ES -
FDI 1 We & 2 B 4H Bl A s Al 65 25 ()" I ER 1B 2 £ VA" (generation of residuals),(2)” & Al 02%
HII” (decision making) ,4l Fig.1.1 AT/~



input output
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I e et e e pir 3
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L

[ Decision Making )

fault information

1.1 FDI Wyl RS 45 s
“FIERERELE" (generation of residuals)i& FDI #YH% £ B AR 2R W FT M E BT T B B

R EEA T =R E12][16][17]:

18512285, % (observer-based methods): LA Luenberger B¢ kalman filter & #2225 8 8 A4 (i A5 BB
SRR EREER R FerE" -

2 FEREEGH{FR)Eparity vector(relation) methods)s#iréd 2 &R T, 2 T FHIE H Fr EFTECEAY
S SR GITIE TRV ER" FERE"

3. S d Al E (parameter estimation): 5 HH E #HY (nominal) 545 2 B I I SR S B E 1Y 2=
ERVR” RERME" BRI S B SR R e B ¢

AmoEBRET BORDT ARV SE RS AL EER AL FEERIR)” WITEAKER REME™ A
BT B % 6k BN 25 (arranging  hardware  redundancy) %5 HY BRI 2 &t 25 7T £ (Y 55 8 B % =X (parity
space)(7IVH§ residual space BY parity equation), 2% 2 T Y ZE(E i L BE (U, 2800, B8 2 AT
BRI & A B B S (E i L B (R (SR PEAE 100, /5 L8 EHI 25 7] BE R R ML Y, R I8 5408 LR A R
HEs EH — BV EERIGREIIA" 288" HYECHIES (redundancy)5E 72 26 2% BR IR 25 81 2 4R 5HE
SENREHIRAREEATA EUHIss se S0P i — BV F B TR R - I S Y 2 BR TR BRI AR A L A] 70 Ry
R

1. B $ % &k 7T 14 Fc & (direct redundancy): % 4% 28 {F IS5, 22 47 T 140 B o8 B2 25 6% oT (40 15 B B
(instantaneous) B %X, T DASRZ BFREIYAIRBA (5, 20 (R B (F(algebraic) TR -

2.0 % R T B (temporal redundancy):fé 2 BT L B 2 AR BIRE(RIIEh 2% AR R RE (4
=\ AT A E BN R A RR (5, A1 o B2 o R (R TR =
FDI 55 2088 5" #ERERANT &7y R Rt AY:

1.model-based: H1 B P2 22478 B 1 2 e R Y 35 7 U7 R U Il sn o O, RGO S E I AE A YME
F 48 /Y 55 % T (disturbance,noise,parameter change), 2 & , Bl Isermann(1984) Aff #& H} ” parameter



identification” [1], & B2 Efd A —E A BCH HISE R -

2.model-free: & FH EHI S5 H P T2 e SAEL RR (312 i £ D R =0 A0 A1 A -

R 12 P S (2 P4 (robustness) RS T A 503 F IS AR R 2 B 2 e (o8, SRR (1112175 /4B A A
AT - g S LB A & (B (5) ARV EURE DRSS BRI 856 HA 1Y model-free 1575 -

FAE H &2 (B {R)7EGE PotterOM1 Suman(1977) K Desai il Ray(1981D)FgH Y 2 (E 2= fE1 58 51
AT 1121, R Z &t (A FEa N R eR (E R EZ1H 0, R L 7 2 — B 22 1 (observation) 74 A 8 !l HH $5 EX
AEs HA%, L RAH A.Ray #1 R Luck(199DFE SCRR[412E FH AE model-free Z% A, T2 0 4% FHEE{E [
(R F) A & BRI aR (5 A oK H Y 88 (norm) B SR S (B Y 1 S7E (threshold) (8 LR, ME 2818 704
AT DARDBS R H SRR 7 s aRa et S e A AR AR FUE S E A i 248, B R B NI 15
HIB R oL B - HARHFZE )74 A GLT(generalized likehood test);£[3][5],SVD(singular value

decomposition)[6],Accommodation rule[7]-- - o

1.3 BRI R

A e e S VAT R R 2 21 B (real -time) (i I A RERR (it I SEAY DI RE, 15 pICIE 28 (M1
ARG, B Tam S AT BT AR L S er il e SSECETZEL parity equations, FFLA-R & IR 85 ¢
P ECIBAR 204 B I 2 an i | U a8t SR sl el At HI RO 25 IR MEE N SR (8L PR B IR AR 3 A B s
Sy 15 B LE ] FURORRFT 12 75 55 Yo M0 (et (independence. assumption) & 5 EL[3][51[6](7] LA 5 1
PN 772, BT RITER e 1] ORI 25 B8 5 SR S Il o DAGRE 25 SRR e A SR F, 7, mT DATAC 2 (4] B (5 FH B S s (5 A
(7 48 A= (sequential testing for fault detection) A IAHH{E 3% (dependence assumption) & 7 A 1208 A% S
s 72 SR AR A R, B A P ASSm SRR iy R S R as sl B A B SRSt (E, #A1 tH sE el
YA INBRIRE RAEH I DUIRRE[EI$3 A (stat. feedback)a BLEERRER ST RITHF HY B I (correction), 215 £E 35
A T\ 5 (i 7= 52 A 8 50 TE 2 TE e rry B S e o SRR, S L sy RO 25 v DL AT 4 T A~ JE PR
26575 5 EHI 247 (fault-tolerant redundant sensors system), B[1iE BN #1857 1E$& 22 21 SR AN R HI B AY (6
N AT 2 AT 44 o B ROHIBS T 88 A & s B S i S - (E AR S R /2 AT
(5] —Hep ] st — (i ORI es g

1.4 e ZEHE

Y B T (R, Ryt P AR RS B 2R B B B 7, B BRI Ty - 5
MBS RE - A SPHTECBAES - 55 = SEBIIA T A SO B R S, £ AR R
A A IR AEIEHRAY 7755, B PHR R AR 8 B A R B SHE I SO % - AFIRTIRES
4% state- feodback) R AT 22 25 (MU EEYD S 20 e — B 0 8 I, RIS R B A P

3



BB AR TR Y 21300, (5 2800 IT DAMERFRRE MR R - B i HH 5 12, R &I a8 R B R R 0A,
IRRRIEI$3 2, T e B 2 M A P R 22 7 ,fﬁ"ﬁﬁa‘%ﬂfﬁzﬁ@%ﬁ'w B RS SOIRRR BB A T oy Bl st
AT BEIRER o ARSI R e B BB PR R AR 2 LR T RAET R matlab FEHEHE A5
AGw SRR o ARG R T T o S5 LB AISGREATR SCER IR AR I 25 B AR (RH
o) B 6 A e 2 ) B B WAL 2 R DR AR A [ o DR FE & R PR matlab FRBHEURBERE &
TGS T 4EAE SR AR RS © S5 N BRI BB B BRaaS R e th &fiam DA R Am ST ASGm U HOGE
FAERFEH TS -



B E HEsERERA
(Traditional fault identification methods)

AEA N AR S A VA, DL 2 B RIS (redundant sensors) 2 il FEE 5 RE F(parity  equations) 5z
voting equations, (%45 712 AV TR B (B DR 8, T HIE H B8RRI 28 HH 86, 85 3R EHSRAY A/ NI 7 43
BRI 28 A A Y R R 07 =X, AT AR AV RRIBR (B 0K HF — B R Ay S {E B BB Y #E (norm), BALER %
G SHE i LA -

2.1 BT H R EE 248 (Conventional fault-tolerant Systems using

Redundant)

AR5 24 (fault-tolerant system) &7 {58 F 26 & JBCHI 25 2188 1] 5 T (F, 22 2 26 R TT (AR Y D AE
R S I I T 4SBT 2 (parity equation), S (E EIFBARIAR (. AR R s 2t
FlERERF A NS R HBE T 8 -

2.1.1 FEE 712 (parity equation)
A= B R A R N {E ECHIES, 25 00 (E 2% kB Ales iy H T2 =

m=Hx+ f
ml Hll H12 Hln fl
m, H, H,, Ho |- - f,
: Xy
X,
—>|m, |=| Hy Hp - Hy IR 2.1)
Mo H (n+1)1 H (n+)2 777 H (n+1)n X fn+1
: : : : : L n :
LMy ] _H(n+l)1 H(n+|)2 H(n+|)n_ i fn+|

X=[X X, .. X ]eR"BZGUREEE B HHN LEE, H SRR E R
(measurement matrix), | AR B ER9E A & (error vector), B B 4 31 (noise) 24 $8 55 37 %8 (fault) BT 4H 5%,
MeR™ £ 45 2 4 & BN S 80 B (8 (A0 BN S A9 BRI E), B — s+l 4 &
m=lm, m, omy omey e myJe R™ o aifp Y R H



EAE:

VH=0—>

Vll V12
V21

VI1 VI2

<
<

1(n+1)
V2n V2(n+1)
Vln VI (n+1)

Vl(n+|)
V2(n+|)

Vl(n+l) ]

IR BRI AERE H ARV 2 B2 (ull space)
(rank (H) = n) B8k V > 22 {e (nullity V = rank (H) = n) ) 8566V > 5 ss n o+ | ks
B FE & B (rank-nullity theorem) & fi AT {r[ FEPREYEE DI E BEAY BL EE R 2 ([E B AV 4E 8 - Bl
rank (V) +nullity V. =n+1 priisEmV e ] ek Bl Es s EEn e - BRI

RIFAL:

Vm =VHx +Vf = Vm =Vf

V,, V

11 12

V21 V22

Vll VI 2

Vll V12
V21 V22

Vll VI 2

vV, V

1n 1(n+1)

V2n V2(n+1)
VvV, V

n 1(n+1)

Vv, V

1(n+1)

V2n V2(n+1)

Vln VI (n+1)

1(n+l)

<

2(n+l)

VI(n+I) ]

Vl(n+|)
V2(n+|)

VI(n+|) ]

H12 Hln
H22 H2n
Hn2 H2n = 0
(2.2)
H(n+1)2 H(n+1)n
H(n+|)2 H(n+|)n_
o fEx H 2 B ARy n (E 4 &0y fE

(2.3)



BEIF VM 7% B S 7R parity equation) B2 A4 | (B R LL SE L BT ALV B2 |
SRR A VM VT A (SRR (L AR A A PRy RIBREAELIE (eneration
of residuals){ 1] 46T s  ELBIET BT ORISR ER SRR - FIACTTRUIBIZE 23D
BB LI R L esiduals)

FH(2.2) AT 5 R E TR

2.1.2 FEITEARERE ]

FHE TR USSR AR R O R BT O A8 i (B SR 100 T, e — (B EoH 25 $5 a5
At (tgt/EmE f (error vecton) T HEEFAE—E T EAEHERE R 0) - HA—RFEITEALE
FEFREARAERE T RAERTEL - DAFERM RS ERYEE U A 5 RR, B FE
JiRE A A A L o2 #E R A A (R R (2.2) T H I | R E TR

1=V i +V, G 4tV fo Vo T 2o Mgy fo = Res,
9, =Vl +Vy T+ 4V, ) —.i_VZ(n+l) frat::Voquy . = ReS,
=V f 4V eV f oV Ve = Res (2.4)
801 j1'1 j2 '2 jn 'n j(n+1) “n+l J(n+1) " n+l j
o =V f+V f+ VL EV B o Ve B = Res,
L#E p; =045 f; Hik e, 0,0, 20exclusivep; ) A& f; RIATHIE j 58 EGHIESE #H Rt

2AETEH: 1 RIS e MRy S E AR U A e RS el B (E 7 A S R eRE AL EER £ 2%
FHEITEA AT E Z ABEHIELEEEEL A Eq..5), &5 FARILAF R | AE2r%E j [HEHES
s A ERIAR N —(EFERH AR S E A f EmE DL 50 -

(VA V,.
S Res, - = Res, — f, exist (2.5)
V,;f, Res, V,; Res, '

2] 7]

2.1.3 Voting equations HY$E =R H|

HAHE 2.1.1 EETREEn it F 2 m LA SUIRRE & x 3 2(Eq.2.1), B FTIIARIZ &R T
TR H R R A RN S GOIRRRLENE - R ERAGER BI —MH 280 n (ERIRRE M 2 R n +1



& B esEm Y E KT R— R E T REE, n + 2 ([BE BRI (5 B B 7 A2 20, DU HE R T 25, 2 5% RO 25
{2 5% R EE TR DAn + HERGADT AR 2 8000E S 28R | R E TR S B B AR EUMPRY
FI R R ELEHA R n + | iR R R B — RO RIS A n+ | - LERCHI S HL R E n + |
TR T — R & D T — (BRI =S B AH R, 1T D B A RO 23 A AR LR n+ 1 - 1%
FARE T o YIRS I A 55— (E4ERE (n+ 1) x (n+1) (square matrices) HLEE LR TEE 04H
HERTTEAN R O W7 AR  f T AR “HETET |, FffEE 722000 voting equations
" ECHEAHRARYAERROL” voting matrix”

parity equation :

_ m, _
m,
Vip Vi e Vg, Vl(n+1) Vl(n+|) .
V21 sz t V2n V2(n+1) : V2(n+|)
. . . . . . m,
: : : : : : : m
Vi Vi o VY, Vl(n+l) Vl(n+l) .
_mn+|
[ fl -
f
V11 VlZ T Vln Vl(n+1) = Vl(n+|) W .
_ V21 sz V2n V2(n+1) : V2(n+l) f
B : : : : - n
V. V. --- V. V Y L
11 12 In 1(n+1) I(n+l) | p
_fn+l
Voting equation :

0 Cp, - Gy Ciniy = Cipay m,
C21 0 C2n C2(n+l) C2(n+|) m2
Co Co 0 Cn(n+1) Cn(n+|) m,

C(n+l)1 C(n+1)2 C(n+1)n 0 C(n+1)(n+|) M.
_C(n+l)1 C(n+|)2 C(n+|)n C(n+|)(n+1) 0 __mn+l




0 C12 e Cln Cl(n+l) T Cl(n+|) fl
C21 0 CZn C2(n+1) C2(n+|) fz
= Cnl Cn2 0 Cn(n+l) Cn(n+|) fn
C(n+1)1 C(n+1)2 T C(n+1)n 0 e C(n+l)(n+|) fn+1
_C(n+l)1 C(n+|)2 C(n+|)n C(n+|)(n+l) 0 L fn+| |

0 C12 t Cln Cl(n+1) o Cl(n+|) Cvotl

C21 0 CZn Cz(n+1) C2(n+l) Cvotz

Cvoting = Cn1 CnZ e 0 Cn(n+l) o Cn(n+|) = Cvot n

C(n+1)l C(n+1)2 o C(n+1)n 0 '” C(n+l)(n+|) Cvot(n+1)
_C(n+l)1 C(n+|)2 e C(n+|)n C(n+|)(n+l) T 0 i _Cvot(n+l) i
Voting Equation=C,;,,m=C, ;. f (2.6

Cuottr***+ Cuotcnst 45 Cuoting HIF 1 ] 8220 FHIFA voting vectors fe S (E 72 20 09 &5 [ B4R A G TR,

FITLA voting matrix  C g B 540 B R C g H = 0 HYRA (5,35 THAEIR AR, f = 0,11

Il
o
o

m 2.7)

voting

HIF voting equations EL B J7H2 = (parity equations) 5 75 2 Il B HIZHY $E 2R EE - N Ry n + 1
JRHIZS2E 42 n + | 5% voting equations, & (I RUHI 2838 A48 $5 3R 7E AT A HY voting equations HYZm] & H &
AH—RIERy 0,ARERRITIEAAN & EE HEErYRCHIES (5 it HAar X720 B S (E 85
JEHIES BT HA PR voting equations ¥ £y 0  ERBIAER RANEE j 1% voting equation £ 0 {HELERAY
voting equations ¥R £y 0,F T DA _EAIEE R m, AU ECHIZS 88 4 53R - AR AE BN Bt Hb g & AR 4
a1 BUEE T A R RIS B g sl e s ok, IR 25 BRI 258 R BR AR & A (il —{%% voting equation
s By O o IRIBE, S S A S5 B 5 FE2CEL voting equations {E B HIES S5 2R SRS B4 008 R B A T
P s R I R R



2.14 Bl By st B 5 =0
(B SRR A AR 73 R d BRI B RIEF g7 2 -

1LIERNE B {E
Cvoting m= Cvoting f

1= Om1 + C12m2 +eet Clnmn + Cl(n+l)mn+1 +e Cl(n+|)mn+l
=0 f1 + C12 fz +oeet Cln fn + Cl(n+1) fn+1 t+- Cl(n+|) fn+|
2, = C21m1 + Omz teeet Cann + C2(n+1)mn+1 +e Cz(n+l)mn+l

n

=Cpuf+0f,+--+Cp f +Cipy Fria +-Copryy T

Pna =Cym +C,m, +---+C,m +C|(n+1)mn+1+"'+omn+|

In""'n

=C, f+C,f,+--+C f +C oy fr+--+0F
E{ }: Average value

E{Cog M= EfCoyg = 27924+ P

n+l

(2.8)

voting

= ‘E{C f}<:|501 + 0, ++ @, |[2Threshold = fault.occur

n+l ﬂ <Threshold = no fault

HY Eq.(2.8) )77 & S E 7 AR el 2R R (R E T 25 (B B Fase Y e SR E (S ek, B S e
— BRI U P L, B A 2 B AR T DR

2. BbR 7 72 BB AEL (norm): LA RIE J5 741 SEa i A1), A SURR 4102 Hi Rl ek (ELHU G i (norm), ££7E
T IR B SHE A HIE (F—aaRay il

= Cvoting m= Cvoting f= Cvoting_col_l f1 + Cvoting_col_z f2 teeet Cvoting_col_n fn

+ Cvoting_col _(n+1) f(n+l) teeet Cvoting_col _(n+l) f(n+|)

O C12 Cln C1(n+l) Cl(n+|)
C21 0 C2n C2(n+1) C2(n+|)

=l C, [f,+] Cp, [fy+-+] O |f + Coney [Fra + Cn(n+,) fo

C(n+l)l C(n+1)2 C(n+1)n 0 C(n+1)(n+|)
_C(n+l)1_ _C(n+l)2 i _C(n+l)n i _C(n+l)(n+1) i L O B
| |- norm value

10



= votmg f” ”80” \/(Cvotlng col 1f )2 + (Cvoting_col_z f2)2 4ot (Cvotmg col n n) + (Cvot|ng_co|_n fn)z

Voot ity M )? (2.9)

> Threshold = fault occur
< Threshold = no fault

b B A 1F RIS A R S8 5t (B 2 ol | S sty A B JR IR 2 DL B i AR, E i 9 — 5
]2 FHE TR T YR (E B SR B U Pl Fr AR SHE S BaE. "SR IR DA RN =

FBREIFECE » WL A/ IR FERTEEE 2= #0 g SR 2R IRy R U R LR 1R R S L 286, 11T
Ji T SR AN HE

11



5= HIIFsEaRER K FEIEA
(Real-time Fault Identification and correction)

R RRATHR —TH RN AY SERR M AV - O RS SE R R 8 R 1 S B A RIS 2B A 5 E BIRSHA H Ey
R AT AT BT i 72 = (output equations) AU parity #(1 voting equations ZEHE IR, Ifi#5
¥ R = 80K 25 (Extended Kalman Filter) K fffFaC i8#R 20A(Fading memory) HYHE MG 18 & HYIRER
B2 e (state observer), b A A AR HE B AERIBF A BUHIESHUER A= & - H g -~ 28K a5
(Extended Kalman Filter) R HITRERMEAFRE 4, A aC IR 204 (Fading: memory) A SRS R S8
Hzes(Extended Kalman Filter) o] {dHIEIRE 2478, 1E U7/ HRIRFHY “ESE AR BYREST R IRAEHE 22
o T DURRE O #27A (stat feedback) P RFER 22 2 Aid MY S5 2SR RE (B S LUK R [BIH5 5 25 [0 28 24,
HEZRFTHVSEHINEERE 2 HEE o WS BT ROHISS T8, 2 2 BR RIS 85 2145 -

3.1 & HFE R (governing equation )

Bl E e A S A R & s SR SR AV R 85 A2 =0, H i L B L & (R e R s RS IR AR (EL Y

By o

m=m._, +d+e

rea
ml mreal 1 d1 91
m2 mreal _2 dz e2
= m, |=| Me o [+] d, [+] €, )
mn+1 mreal _n+l d n+1 en+1
_mn+l _l _mreal _n+l | _d n+l _en+l

£ Eq.Q.D), M (A5 RN Y NI 28 ELBB 8, 1 Myea (FRECHZSE AR B HE, d A

SR R R S (O ISRl s 2 S, Ik R PISE  HI SE S T B R B, €
RS Sy Rt T T 2 e Bl SRR o T A2 P R B B R 28, P e SO © A A R
Fd) e

3.2 JERFEAVEE SRR3R (time-constant fault or drift)
T B R TR 8 A R R T I SR SR R 2250 d 0917 15 B 16 B A SRR AR E,

12



SHIERR S d 15 5 72 B (constant), HII ¥ 7233 B BB (E AR EE 5 F2 2 (state equations) B LB Ak :

d;
d,
continuous —time:d =| d |[=0
" (3.2)
dn+1
_dnH
discrete —time:
Cdy(k+1) ] [1 0 0 0 O ol d,(k)
d,(k +1) 01000 0| d,(k)
: 0O 01 0O 0 :
d(k+1) |=/0 0 0 1 0 0| d (k) |=0 .
diy(k+1) 0 00 01 0.d .y (K) '
_d(n+l)(k+1)_ 0 00 00 . 1__d(n+,)(k)_

d(k +1) = A(K)d (k) k ~sample

3.3 g 72 = (output equations)
DLZ SR TR 22 14 (observability) 3K B, B M 85— (@ Rk fo n + | YRR 2= 55 B AR H n + | {ERAE

& - BB Eo.G)R—[ERFEGuio 28 (Radukesm pkemsmd mtd =0 et
0), A LA 22 M A Bet 2 ey HH G R SAH R AR BB TR0 T AP TR (S Ay 5 e =0 mT DUS e

d,

_ 4 d,

0 C12 T Cln Cl(n+1) T Cl(n+l) .

7 - C21 0 C2n C2(n+1) C2(n+|) q
P D : : : : d” (3.4)

_Cll CIZ Cln Cl(n+1) Cl(n+l)_ r:Hl

_dnH

13



0
Zaux:Cvoting'd'ui'di: 0 i:1;2;"°n+| (3.5)
0
_O_
_ z |BUEE M&voting equation & i
Output t = P
HIpUt equation z Laux_ i n + | {Fkequation g 3.6
Cvotl
C
Horpu B—EALER © [AE Z, SR ELEY V:°t2 FEPE (B A —E B2 AE voting equations AV —EIZ
C

A B (Cuqy ™ Cuotz ™ > Coon ) IMEFERT EUETEBERLA [FHY | -5 5] 8 AR 2, FY R B -
FEE (EE O RE P, BAP AT i 2 (SRR A Heh W L ash iR B E - AR H 2, A
CH I — i, A R IR 2 4H e i A P LA P MR S B P it D5 A =X DU B 2 B I — AR ] e,
S LE R A AR SRR 2, © BRI Z S THE =R
HHEq.3.5)%KF, 2, HI4H G 77 2 KF voting matrix HREYE—51 1) &3 _FH 5 & Ak Dy BRI ES
Hyd B » AT LU AR SER

C

voting
0 C12 t Cln Cl(n+1) o Cl(n+|) 1
C21 0 C2n C2(n+1) C2(n+|) 2
= Cnl Cn2 0 Cn(n+1) Cn(n+|) dn -
C(n+l)l C(n+l)2 t C(n+l)n 0 o C(n+1)(n+|) dn+1
_C(n+l)l C(n+|)2 t C(n+|)n C(n+|)(n+l) o 0 | _dn+l i

14



Let

ql = Cvotld = C(dZ'dB"”dnH)

q2 :Cvotzd :C(d11d3"“dn+l)

d, :Cvotnd = C(dl’dZ"“’dn—l,dn+l,-~dn+|) (37)
qn+l = Cvot(nJrl)d = C(dl’dZ"“’dn,dn+2,---dn+|)

0hy = Cvot(nJrI)d = C(dl’dZ"“’dn,dn+1,~--dn+lfl)

T Gy, G0y, Oy OSSR T FEIAE R 0.7 0, 5 O BEG. )R T o, FEI2d,,
B 0 Oy, 0, e O I A, T AT 77 7E— SRR (L FR (P 5 m, 28 7 4
ST o B R B 4 s o6 AT (00 M D M M 8 8 o DA Z,,, SR EHEE R
00,0y, Q.-+ Uy TE 4G TG 0, FRBVIN | S EAT H I B 2, (96— T S i
0 HITT LAHE B F7 Rt By O 2 Pl oA L 7Rt Z, B R OB FISER I — 2 P B

qldl = (Cvotld)dl = C(dz’ds""dnn)dl =0
qzdz = (Cvotzd)dz :C(dl’d3!"'dn+l)d2 =0

qndn = (Cvotnd)dn :C(dl’d2’“"dn~1,dn+1,~--dn+l)dn =0

:qn+ldn+1 = (Cvot(n+1)d)dn+l = C(dl1 dZ""’dn,dn+2,»--dn+l )dn+l = 0 (38)

qn+ldn+l = (Cvot(n+l)d)dn+l :C(dl’d2"“’dn,dn+2,~--dn+lfl)dn+l =0

AT BRA IR FIR (R E AE [F) — IR, R e A — (BRI 8538 A $ERR AV B N A RE IR AR
et H S $5 5% & (8 parity equations J% voting equations HIFRGIFRAF—E0 - HN A LASER RSN E
1 250, Eq.(3.8) Vi A BE 2 [m) & F2or, AN at — R s, H R PR AR PR 5 Ry BAEFE R By A
i (inverse matrix) 25, A3 Al A a7 LRI AR E L -

15



Q1d1 = (Cvotlf)dl = (Cvotld)dl = C(dZ’d3"“dn+l)dl =V,
Q2d2 = (C f)dz = (Cvotzd)dz :C(dlidsv"'dnn)dz =V,

vot2

d)dn :C(dl’dZ'”"d d dn+|)dn =Vn

n-1, > n+l,--

qndn = (Cvotn f)dn = (Cvotn

39
qn+1dn+1 = (Cvot(n+1) f)dn+1 = (Cvot(n+l)d)dn+1 = C(dl'dz 177 dn,dn+2,-~-dn+| )dn+l =V ( )

qn+ldn+l = (Cvot(n+l) f)dnJrI = (Cvot(n+l)d)dn+l = C(dl’dz!"'adnydmgy...dn“,l)dn” =V,
S v, B AR A

H 2, 71 2, HYAH S H 5 2 ZURE SR LD IE R AR B i DR SR 1] EE S e IRGHI 25 -

34 JERMELGIHVEIRM:

FA AR S R A — (BTG (IR RE B 772 B — I R T 20, O AT
1B P S22 P (observability) FIEE, [N B3R —(EAFRE(statio) 2400 (K AR AE I b N

sed FrLLd = 0 jREEFTRZCE )57 LABIER AR E (3 FE L 77 R 204 SR 2 e 22 e
(observability matrix) & 35 B Wo =¥z 22 =~ SR A % 4 B 85 85 R 48 (d =0 ), I
VIz 2 1" =0 Frllesi i 24 i g AR Observability -maix) FU/E NG H 7R 2 SEEET—
P BAFEE (gradient) BITET, BIW, = V[z] -

sy[]-|2 2 0 2 8 L9
M od, od, od. od ad

n+1 n+l

AV [T =VLZ" }

au

[ofn] ofz] . ofu] ofz] . _afu]]
adl Zaux adz Zaux adn Zaux 8dn+1 Zaux 6dn+| Zaux

16



Cvotl
C

vot2

C

votl
Cvotld C d Clndl C1n+1d1 Cl(n+|)d1
= CZle CvotZd o Czndz C2(n+1)dz Cz(n+|)d2
: (3.10)
Cnldn andn Cvotnd Cn(nJrl)dn Cn(n+l)dn

C(n+1)ldn+1 C(n+l)2dn+1 - C d Cvot(n+1)d C(n+1)(n+|)dn+l

(n+1)n ¥ n+1

C d C(n+|)(n+1)dn+l - C

_C(n+l)1dn+l C(n+|)2dn+l (n+)n™n+l vot(n+1)dn+l_(n+|+2)x(n+|)
= od, e dy o doy o doy) AR — {E RCH 28 A 88 3R AR 9% @, A

“tl-v] |

B PSR — 5 U 1+ | (i R 2 VA L] \dzd. BRSBTS R

o | s 2 VA2 | dej AR | (B A T (61 R o]

d:dJ

FytH PR ZL M AE Y 55— - P AR EERESMEIEIR A TR N+ | (rank=n + 1), 55 AT HE HH &7 5208 70 fi
(singular value decomposition) HYHEZEH N+ MEA A 0 HYE-EE (singular values)GE R, 3.2.1 ), BIE#¢
BI85 FTEIZIREREHEE - FTLLARGTA n+ HERCHTESIRRREL B 22 MAERRAIRR B n + | T DA 280 Ry
SCAIRRE AT -

3.5 FFEEHSE SRR 2= s H\5R (time-varying fault or drift)

R (AT ool AR 3 AR AR S, AT 24 B

(LRSS I E BN AT A - £ EaG2) W 2Rt d; BEER &L B RE i [EER:
7 B [T T 2 { B i, BRAPT AR S (8] 2428, [ Ea.3.3) d(k +1) = A(K)d (K) - it ACK)
R A b, TR BRI 8L, | RN PR L T2 B — BV i (sampling time) i £, DARR
BRI T2 A 22 (s N VSR [T PR, HLER SR AT 15 Ry — e {E © BV ZE P fr¥F (zero-order hold) Pt ARE
IS T LAV SE AR SRS B & T BB R nT R B R 2 — NECA IRV B A & i ke, 8022
B Ry — P72y 2 (first order difference equation),tbfF d (K +1) = A(K)d (K) {72838 FH A 5 A2k
TR o DA AR R 2008 25 2K A & FH RS 2 B RE A F A B AR R [ 5 W

17



T 8 M (adaptive) = Hl I & Asm SR R AT BEFECIERR A" (Fading memory) DA% 51| B[THE

HIRF RS -

3.6 EEfFEC BAR LY £ 2 8 7 23 (Extened kalman filter with fading

memory)

B PN R SR 88 B S (N E MR AR NV SE eI IR AR (B (H 8 240 B REI,
HEEbER B URRE 2 it IR R B A8 RIS 2 B3 R R R, L ey R 7 DA B B0 1B 4R 25 0% (fading memory
method) LA R S R0z &5 1, 7 A HIEHRE S FOIRRE (B 4T -

3.6.1 RNz E3(Kalman filter)
R ERR BB LAY IES, R 2R a8 nR Mt TR R 2, 7T UGB & MERYEE 7
a7 (mean square error) ° R R & RN as 1F i A SR T BLERNT S e F o R BRI TE B -

K& B IR (S ET B R B A E— B 2R AR AT S TE DR E R AR AR AU (E
A DAEH R E BRRRAI A, R A TR e BRI (T RSB R - R SR # R 2%
JEOR s N B 2 R AR B — TR A ISR B8 BN 7 S (G i R o S AU e I, R
TR T P A B B B -

3.6.2 PEWE SR 23 (Extended Kalman Filter,EKF)
R 2 a2 R SR RS AR R B 38 A LR 58P A A 2 13535 (plant) YRR 0 2
FRARVEHY - 1 PRI AR & U0 25 (Extended Kalman Filter, EKF)” Bl Bsfif A IRARME 4Rl AIRTRE
FE LU TN BRIV R ] 22 &Y ENRR T A2 2\ (dynamical equation):

state equation : x(k +1) = f (k, x(k),u(k)) + v(k)
output equation : z(k +1) = h(k + 1, x(k +1)) + w(k +1)

(3.11)
Hr, x(k) Bk R EPIRRRE, u(k) ZHFHEK 28t AR, ()2 x(Kk) Fx(k+1) ByFEL M
SRS, v(k) 225 (plant noise), AR A RFEEIE Ly 0,177 2500 Fy Q (k) HIBEIEH &
SRR, z(k) 2 SR AR B EPERER x(k) AVHIEAE, h() M2 RE, T EESIRREE x(k) BT HOH]
21H z(k) , w(k) EHIEFE (measurement noise), HAFAFFEFHIE S 0,577 07 250 5 R(K) HUFEREE
BESMTR AT

AAAHIER AL AERE SRE F Jacobian ZEFH, kR & —EFEER M 24 AT ST R — PR e R H

18



Jacobian £EFE,SKELIT:

ot of
OX, OX, OX,.
o, o o
AK) =] ox,  ox, X, .,
af.n+l af;\+| . afn+|
L Xy 28 Xy lx=%(k|k); u=0
oh, oh o oh (3.12)
OX, OX, X,
oh, oh, o,
Hk+D)=| ox, ox, X,y
ah'n+l ah.n+l . ah'n+l
L axl axz 8Xn+, HIx=x(k+1]k)

PR R 2 RN BR VR T TSy R M E A B B 1 AR REHYTE M (prediction of states) 2 RREHYIEIE
(correction of states) © S5—{EBE” AIRREHYTHA " 2IG0EE ARV ZZ(E S AR AR T~ —ZIis
[FEIVIRRE(E - 35 (BP0 B “IRREAVIEIE" /EIOR=s41 ) B AR AIE SR 10, B ERT—(E BT
FEOREIRRRE, LIUERS— (B A (R A -

1. AREEAYTE M (prediction of states) :

R(k +1k) = f (k, %(k[k),u(k))(state prediction) = A(k)%(k|k) +u(k)

P(k +1k) = A(k)P(k|k) A(k)+Q(K)(state prediction covariance) (3.13)

FZUA” prediction equation A K(k + 1K) RIZEERT k + LEFHIFEHBRAR(E - P(k|K) T8 Rk AR
1777 25 4E M (state covariance matrix), E38R% P (K|K) = E[(X(k[k) — x(k))(X(k[k) = x(K))'T, P(k +1k) %

A K + LA IRBEAE TEORI 5 2= HE e -
2. JARBEHY{EIE (correction of states):
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r(k +1) = z(k +1) - Z(k +1k)(measure residual)
S(k+1)=H(k+1)P(k +]Jk)H (k +1)'+R(k +1)(measure resudual covariance)
K(k+1)=P(k +1\k)H (k +1)'S(k +1) *(Kalman filter gain)

R(k +1k +1) = X(k +1]k) + K (k +1)r(k +1)(Updated state estimate)

Pk +1k +1) = (I

B R

correction equation

BAPT O] LA EKF FRAZ =T

Wk}

ik +1)
e

State at 1,

u(k)

State at £,
x(k)

State estimate at 7,

-K((k+1)-H(k+1))P(k +]Jk)(Update state covariance)

“or(k+1) fEAsHE R k + 1 MIESEE, S(k +1) i AHEE K + 149
V=, K(K+1) R SR 4 (Kalman filter gain)

x(kfi)

k4

Transitionto £,

x(k+1)

b i

F Y
-

= flk,x(k), (k)] + v(k)

State prediction

x(k+ l‘fc) =
Flk,x(klk), (k)]

¥

Measurement prediction

z(k+ l‘f() =
Ik + 13k + 1)]

Measuremnent at 7,
z(k+1)
=hk+Lx(k+D]+wlk+1)

'

Measurement residual

rk+1) =
=(k+1)— 20k +1Jk)

.

State covariance at [,

Pk |f()

'

Evaluation of Jacobians

A =T

ax

x=x(k|k)
ohk+1)

oxX

H(k+1)=

x=x(k+1[k)

!

State prediction covarance
P(c+1k) =
AP A +O(k)

v

Residual covariance

S(k+1)=R(k+1)
+H{k+D)P(k+D)H (k+1)

¥

kalman filter gain

| K=

P(k+ 1|f()H(f( +1) Sk +1)

¥

Updated state estimate

x(k+ 1|f( +1)=
x(k+ k) + K (k+Dr(k+1)

Update state covariance
Plk+ l‘f( +1)=Plk+ l‘k)
[I-K(k+DH (k+1)]

3.1

e R N YA

3.6.3 f#fFaC EfR LA (fading memory)

E RIS ALCERFQS /D, BN EN S AT E )
ST B 17 A B A g BRI R 4R Mo TR Bl i A B IEREE VIR IE -
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ZusrmE AK) SR e A
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el (adaptive contro)fY 77 A TE #2EI [EIHFFI FH 0] SR 280 sk AT T 2SR AR RIAR REE A5 81, LR R
Fy A 14 72 il (adaptive controDFYJT7E R EfEaC IR IR VAR R SR astVakat - INMRE L R i
SRR A RS E N 22 (kalman filter with fading memory) e

FI R SRS BRI E AR A 2 I A —(E#R LA F(forgetting factor) A(K +1) JIA#RE
&R S Rz 25 A #5005 prediction equation:

P(k +ﬂk) = A(k +1)A(k)P(k‘k)A(k)'+Q(k) (3.15)

HA+D) 21 iS5 (HRFER 1 R RSIE S ARAT | RHERR T EEM R RR
RN SIS - Fr BRI a3 i MR R S8 B BUATM B R N AU UHATIRE - 3 T AGHIZE
TERR RN - S0 UL (1 DR (5oR ] P e LAY B S AR L 2R CTRR10]) » SBR[ 10192 t = th i
(EEHR N - SRR R, AR S SRR HUEE R 5 = MU RUA RN, B, Je st R R (E 177 U7 22 4B

(residual covariance matrix):

S(k+1) = E[r(k +1)r(k +1)']

— H(k +)P(k+1k)H (k +1)#R(k +1) (3.16)
/1 Eq.(3.16) 0] 5

S(k +1)~ R(k +1) = H (k +1)P(k + 1k)H (k +1) (3.17)
¥ B BISFA

A+ D)H (k + D) AK)P(K|) AK)H (K +1)

—S(k+1) - H (k + )Q(K)H (k +1)—R(k +1) e

MKk +1) = H (K +DAK)PKI) AGRH (k +1)

¥ NG +1) = S(k+1) - H (k +1)QK)H (k +1)—R(k +1) G-19)

Il B, 3. 10)# L5 A (k + DM(k +1) = N (k +1) (3.20)

AKADI=NK+DM Lk +1),  Ak+1)>1 (3.21)
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HF Eq.(3.21) U Wd 28 B (trace), AllE (A LR 5 R+ A(K +1) AT TE Ky
Ak +1) = max{l,%trace[N(k M Lk +1)}} (3.22)

B HAPIE MR REE Y, Eq.(3.22) ¥ M (K +1) (S R P o8 A SR e 152, Ry i bR TR 885 Al Y
AR U O SRR M (K + 1) B3 55, B Bq.(3.20) A2 Ui 22 HlE(trace)., AT AT 5 T 2

A(k +1) = max {1, trace[N (k +1)]/trace[M (k +1)])} (3.23)

FH matlab EEHEHEEEENRE H Bq.(3.23) Al R A A ISR FE R
A FECIR R RIARHY EKF HYARE:

o

State at 7, Input at State estimate at I} State covariance at 7

o x(k) . uk) . 20kl P(idk) .

. !

Evaluation of Jaccobians

¢ o
hd ¥ AUC) — Cj;(k)
Transition to £, ; State prediction., e
YO e ¥ | HEtip = | s sn - FED
. +)=
= e x(R). u()] + (k) ATk 2R, u(i)] = N
+ l l
+ Measurement prediction.. State prediction covariance
. i+ 1) = P+ 1) =
. hlk +1 3k + 1K) AP AR +0k)
* l |Falling memory procedure.qy
Measurementat £, _ Measurement residual., - "‘_"
WO+ D | 2ot 1) i 1) + | vietD= i S coerance
> o2+ -2+ (eth= Rk
o Ak +1. (ke + 1] 2( + H{ke+ D P(ic+ Y H (ke + 1y
“ '
+ MkE+1) =
Residual covariance Hik+ 1}A(k}P[k|fc}A[k}'H[k+ 1y
" S(k+1D)=R(k+1) "

N(k+1) = S(k+1)

+ + Hk+DPE+1RH (k+1 - Bk +DQUOH (k+ 1)-R(k +1)
. | : #
Carrect state estimate., K=lman filtter gain .
x(k+ 1|k+ L= Kk+l)= Forgetting factor

Alk+1) =
max {1, :?‘ace[;’\.-"]_-" r?‘ac:e[;‘rf ]} "

¢ l L JE—

o Carrect state covariance
Correct state prediction covariance
Plic+ 1|k +1) = P(k+1|k)
Y P+ = Q)+
[I-K(k+DH(E+1)] i
o A+ 1)ACK) P(k|k)A kY

R+ 1) + K e+ vk +1y [+ P+ JOH (k+1y S(k+1)
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& 3.2 FHFECIER AR SR a5 E

3.7 BEA-REREIERR IR SRR 24
FMASE B I B L R R RTIBIER  ER A T
B B Eo.(3.3)MUE S5 FERE pland FELEHIETRER(E, “sask” bhd (K +1) = Ak)d (k) %

T MR 92 SR A T 27 SR RS 1 B0 d (K + 1K) = ACK)d (K[K) 2 1198 52 28 25 P (MU 9 58538
{8 - d(K[k) BgiamaReta R, d (k + 1K) RS grAT SRR A -
B B ZGCZER plan) IRER(E d (k) B T80 E 22 28 oA A R IR o d (k)

SR H A B R INRAS 1 d (KIK) HE R 2 0keE(E d (k) -

k+1
- u%%@%%%%%%%ﬁﬂwﬁ%%ﬁﬁ%ﬁ%ﬂkﬂ){ %f;}
m R H oD i T
d=d (k+1/k)

B g TR SRERE

2 (k+1)
(k +1)

— 2(k +1) - H (k +1)d (k + 1K)

residual =r(k +1) = [ }-—z(k,&(k-kﬂk))==z(k-+1)—-2(k4—ﬂk)

aux

mETEREIREE(E Ak Tk +D) = d (k= Jk) + KK+ r(k +1)  d (k + 2k +1) 2 7 (585 2R 5%
I -
SR EOE 33 T -
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____________________________________________________________

¥ Discretesystem Measurement
Measured system  ¥(k) w(k +1)
kL+ dk+1)! | +
r(k‘o_ A u(') ( +J} HGe+) Lt z(k+1)
+::A +
I T e 7 K N
EKF(observer) Je 10 z(k+llk1k"
—— HE+D) —=O
* } vik+D)
d(klk +
Ak) o delay [€—O<«E— Kk+D) |«
d(k+1k +1)
@
State feedbeck controllet

& 3.3 -RElEEs RN AR L e T E

3.8 $EEREASRAYSE IE (Fault signal correction)

KETTHEIREREH A (state feedback method) B Y R SR, DL il R 3EER BA R S 808 R 22 eR4s &
ARREB[EFZ Y a5t MG BB 8 MR BB B4 2 42 B 1 & B8 IE 1 (stability) 3% 51, B 1% 5 HHIR BB [B1432 4 (state
feedback method )T AFRFIEE HH 6 BT S5 SR8 Rl b o] B IE RS 240 55 5T [ 25 R -

38.1 HHY

1 33 G182 TR HE B B B 8 g R AT [F] — R B o — (R 25 e B 2 5
DR — (R S5 5 S S 2 SR A B 0 BT 2 — (B L B 25 o T BB AE R B T 24
45 o R 25 L S T BT o T T 6 B 2 Y T R L g s S g R SR T o —
BT 8 M 2555 2% -
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3.8.2 ARBE[AIFZ £ (state feedback)

3.8.2.1 ARREEIRZAEA

HR 22 S5 TR E B REE S JRCH 2 L s St st (8L, I B P A5 L A AR R (R B 2 A,
(S [l 5 gy A ERSPFAR N EAH RS BRI HE A 280, I A B a5 B M0 LB (R Eq.G.DZ
m;),BE S B SRR (E m; BESFRE HRIRRE[E 3 2 iy A (SRS (E S IR (B IEEE R tH(E /& Eq.(3.1)
ZIRREE Mgy o HARH R B Rty 2402 PT R, FI AT 4 R R (BT A e P A B R A (i
), (E PR AR E

3.8.2.2 4B 3 (Separation principle)
FI R ZZ 25 A AR SR (B IR RE [ 2355 T, DA S Al 22 B34 SR BB [ 3211 S8 T B AR

W& 3.4 Fiw:

Redundant sensors system

""""""""""""" Discretesystem " 7 Measwemem
Measuréd system  v(k) wk+1)
, kL‘* d(k+1
i?CAD— B "(:) i Hk+1y ZE+D)
1 W B B> o
___________________________________________________________________ U E—
EKF(observer) i+ 2k +1] )...‘
— > HE+D) ——O)
+ j vk +1)
+
d +
A(k) |« i delay |[«—O<«t— K(k+]) |«
d(k+1k+1)
a
State feedbeck controller

& 3.4 SIREREFGEME N AR B2 e 7 EE
INRE (B B 22 85 2~ & Rl T, FZARE 70 iR B (Separation principle): BB S 2248 Fs 58 iR
FE T2 R TR 22 o S P25 2405 | AR AE T 22 85 (state observen) A2 FIGIR AR [EI#% (state feedbeck) 2 FAH
BEEEETHE A5 BRES 24 S 8EM ACK), H (K +1) 522 T A00F RIRRE 2L 2R BLIR AR [EIF2 28 vl DL S i
sat o BREREWRE R o BEIFEE o IRRRICIFZ BB 2288~ G R R T BRI T
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11 A PR 2y P 1 B 2 1

PR Ry 7 0 SR R AE 200, BT DR R T 251 = S 3.4 E17A a8 BH S (B i 4 ARG P 221 -
2. BT B A MR RGP 5 Ry

FH 3.6.2 B A AR S0 25 A SR it R RE (B DT AE = R

{& (k +1k) = A(K)d (k|k) (3.24)

d(k+1k +2) = d (k +1k) + K (k +1)r(k +1)

Eq.(3.24)FNEN B AR &80z w3 Rl st iRRE e - K(k +1) BRI st ARE RS
Whtm o BERE RITILA—IRREIE %R 25

u =—Bad (kk) (3.25)

a Fy—iRREIEIF I 75 0] &, 18 (B AR [ A28 1 23 (5 /2 F SR UF FortR BB B H D A 122 il e iy AL T EEAR
RE [ #7277 =0 b — B B A EL 25 480 {E (proportional ‘control), BB EE b FH— LR A RS BN Al B ER IR
RO FAZEhI2S o AL Eq.(3.24) AT DL B IK:

{ d(k +1k) = Ak)d (k|k) - Bad (Kfk) (3.26)

d(k+1k +1) = d (k + 1K) + K (k + L) (k *1)

Eq.(3.26) BN AGIRRE IR 2R S R a5 0 BB AR 5 fE =, FUARTRE JT SR B4l (3.5), I R A %
el el A < B AL BT EACs (K) = 0, B = 1), Fr AFRFIFTID AR GIRRE I B an S i A il 52 2 H o {F
] -

3ARIBARAR, DA E i VP AR R PR 5 =

a (2)=2"+6,2""+--+65, =0 (3.27)
4 FRIBFAAES T E A IV 22 235 Ao i Eh T AR =
a,(2)=2"+ 2"+ + 5, =0 (3.28)

5 AR5 7 #te R #H (Separation principle), K gAA BB 22 25 BLARRE B F 0 45 -
At DUE T M5 [ AR SEEH 22 B8 A 2 B IR B8 [B 145 2 ARG 5% 5 HHE, I _E S48 2 BRI AK), H (kK +1) )

26



HRERIEARNE N A< R 73 Bfe 28 (Separation principle), AARE#EH 22 25 BLARRE O]+ o] DLy Bt T o & (3.5)
HIE E 2R EmrRae H =

d(k +1) = A(k)d (k) + Bu(k) = A(k)d (k) — Bad (k|K) (3.29)

JEF A Hith o E R = ARG T A2 = By

Ad(k+1) =d(k +1)—d(k +1k +1) (Eq.3.29t Ad(k +1); EQ.3.261% Ad (k +1k +1))

= A(k)d (k) — Bad (k|k) —d (k +1k) - K (k +1)r(k +1) (Eq.3.26{tAd (k +1k))

= A(k)d (k) - Bad (k|k) — Ak)d (k|k) + Bad (K|k) — K (k +1)[2(k +1) — 2(k +1K)] (3.30)
= AGK)[d (k) — d (k|K)] = K (k + D[z(k +1) - 2(k +1K)]

= A(K)Ad (K) — K (k + )[z(k +1) - 2(k +1K)]

5.1 izt aatlitn K(K +1) (R TS 288 AR P VR 2285 R 200 25,11 Eq.(3.30) R & K
024 K (K +1) R 2 T DABE Err i R B e el (k) B gl (k|k) =g E T LR
Ad (K +1) ATl SRR s Kk +1) AR EfTaR%E ©

5.2 FRIRRR IR i O
EFE LR ENREE RN

d(k +1) = A()d (k) — Bad (k|k)
— A(K)d (k) - Bad (K) + Bad (K) - Bad (k)

" (3.31)
= (A-Ba)d (k) + Ba[d(K) - d(k|k)]
= (A-Ba)d(k) + BaAd,
5§ Eq.(3.31)EN 2 S5 Eq.3.27) Il BT Rt
|2l - A+ Ba|=a,(2) = 0 fikasEizitss: o (3.32)

FTLAEE Eq.( 32)RREmIF 2 filzs iaat Bl e A EIRRE RFEE m a BIAT - Bq.(3.32)ELE A E IR A >K
THIRREEIFZ G 2 o 3] DA TE P AR S AR (R ED (L & -
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3.8.2.3 BRI R A& HITR E [ (stability)

KRB (0] 152 1% FY 22 400 18 JE & 38 72 IE 22 40 1Y 5 20 07 12 =X (characteristic - equation) #Y FF 2U{E
(eigenvalues) (S A5 (IS Z ~FEIHY BRI [E] (unit circle) - [N Ry H Eq.(3.32) R4 g arEHVEIRE TR
EREN T BRI

4 (A-Ba)|<1,Vi=12,,n (3.33)

Hep4,(A-Ba) URZGIERE A — Ba HYRHEUE AT AT A RVRHEE A, HSEEHES RN 1 -
WHR(A=1B=1){CA Eq3.33 e #REERIERME T, iPRIS T SR e ARG = H o
E: 0<a<2;Vi=12, n{HLAIEIREEIFSE R ERT A IRFFIZENE -

3.8.3 (ERIRRREIFANE A RIS aR i 24

ek DA R [ 52 F IS 7S 2 & 400 ] (3.5) AT s T SR 2 & I AR RE [ #2 1% HY SE ER ARG TR A
Eq.(3.29): d(k+1) = AK)d (k) — Bad (KJk) e85 5 RIS iz 2 ORI 23RS 80 i m iR e
RE HREE N E 2y ERENSR E d (k) AR EART A G R R S aR (A (B e i & S5 A
Hf d (k) (T EE RS e d (K) = Pl S B A UCK) Bt Ay S BLIRBE B 5 S 2 LRI
B A g 0, AT AR dr < A U (K) SERAIRAE B3 4 S B Bq.(3.26) K Eq.(3.29) (58 &
TH LR RE [l F P22 2 A TRl
PRy A B 35k B A SR AT LA Eq.(3.26) BT Bk

d(k +1k) = d (k|k) - ed (k|) -~ (3.26 - 1)
d(k+1k +2) =d(k +1k) + K (k +)r(k +1)---(3.26 - 2)

1 Eq.(3.26- DA Eq.(3.26-2)
= d(k +1k +2) = d(k|k) — ad (k|k) + K (k +1)r(k +1)

K (k + Dr(k + 1) Engsirit 0

= d(k+1k +1) = d (k[k) - ad (k|k) (3.34)
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Eq.(3.29)[E1 3 A 2515
d(k +1) = d (k) - ad (k|k) (3.35)
FH Eq.(3.34),Eq(3.35) ] H & (iteration) B (R ffE

d(1) =d(0) - d (0)0)
d(2) = d(1)—ad(1L) = d(0) - ad (0)0) - od (1l2)

d(3) = d(2) - ad (22) = d(0) - ad (0[0) — ard (Ul2) — —axd (2]2)

(3.36)
Koa
dk+1) = d(O)—aZd(j|j)
j=0
i Eq.(3.1) RS ] 22400, AR A IR RR Il 1y = A E A &2 Fs:
mk+1)=m_ (k+1)+d(k+1)+e(k +1) (3.37)

AR RR B B R AGIARE(E, “Equ3.360)" {UA Bd@3NRIFSAE S RRE RIFz iR R Ay & HI(E
(A& FAMIEA Mg, (K + 1) Fomal

K.
Mo (K +1) =My (k +2) +d(0) ) d(j[]) +e(k +1) (3.38)
j=0

Pt DLAK 48 (] 152 i B TR RE(EL S 12 9 B HIER R (0 B LA A2 m(k +1) 77,10 2L mg,,, (K +1) o - Al
Eq(3.38) A ST EEHHA T

K.
Meom (K +1) =m(k +1) — > d(j|]) (3.39)
i=0
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SRUUE BAyshaRs ol 5 o IE B B GEEE S AT

Ry 1 BiEa P M TE R 88 S 1A ROIRRE B3 5 IR A, A LT RO A BT B Matlab R ZUSHEIT
& i AH ARV BRLEEE - BefM BoE —E G BRAY S g B A4, T A — (B ECHIEs (DI ZEAR) AR B f 22
(R8RSR GIRRR), T FEFS MR IR B3 T e — {18 2% BRIEHITT Y 2185 - HUBRPER Ry 100Hz #4200
HARENGIR P ME E B e — = i o M H B AR AR, AR 2 5 0.01 EOMERAT -

4.1 BIEFSEERE | S St B o i
4.1.1 HEEE (singular value decomposition) | EEI2Z M
£ 3.4 EIFFIF R 2 AR [ AR A E R SV 22 - SSOM e & S=RE 0% (singular value
decomposition) FLHI#FF2{E (singular value) KEEIZNE - (e 80 n + | ERRE(E, ZE(E £47 50 IR AR
ATEIZEELVEA n+ LRIA 0 BYRTSRE o HEZREARPRAYRE rank) S n+ 1 o TEARE R, 55 = (I

SHIZR A $E 2 =R we AR 43 71k (d,, dyy 0, ) =(1,0,0)  FRFISE5EHI LA S i 28 Fy i 22 22 11 45 203
w7 (dy, dy, dy) = (5,7,8) LR, 4.1 BERACA matlab B HEHEESE SR RIS o By S
AE 4.1 BT 3 3 EAR 0 HYEREE

singular of 3 sensors singular of 3 sensors
S 5
Svi
e .
g g
= 3 = 3
g g
— N
S 2 2
R 7
1 1
0 ‘ 0 :
0 5 10 0 5 10
sec sec
singular of 3 sensors
1
(]
>
©
> 0.5
™
>
0
0 L
0 5 10

sec

4.1 3 {ERCHIEsHYE SE
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4.2 BlEFSEERE A 28t
s 1 EIRGHIZE 200 2 (8% BR AR AT B0 % 4 UM A S LA L TR B R (5

m = hx'

real _1

- Mieal 2 = 2hx’ 4.1)
m 5hx'

real_3 —

(:/E\EFI mrea|71 ® mrea|72 ® mrea|73§j\%u%l§§jﬂu%§'\ﬂl N M2 > MQZ£E%E$)%U%§H%};EL)

AT 2L Eq(4. DS A Eq(2.1)

m=Hx+ f

m, 1 f,

m, |=|2|x+| f, 4.2)
m, 5 f,

(ELr M SR RIS M, > Bk gk, H R f, SRR RUHIE M | SR BRED)
H Eq.(4.)RIFFE{E—V SEI By H A 228 (null space) BEEVH = 0§ Bq.(42)FRLLV BRI

Vm =VHXx + Vf
—>Vm=Vf (VH =0) 4.3)
Vm B[ k5545 752 2 (parity equation, F Eq(4.3):
Vm =Vf
m, f;
1 0 -0.2 1 0 -0.2
m, |= f, (4.4)
1 -05 0 1 -05 0
m, fy

Eq(4.4)Hy%!— K51 — 4% M4:4H-& \] 15 voting equation:
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0 1 -04|m 0 1 -04|f

1 0 -02|m,|=/1 0 -02|f,

1 -05 0 |m, 1 -05 O f, (4.5)
C.iym=C f

voting voting

FAM R TR Y D5 A2 AR ] BB 1] HH A8 BRI =8 B S e il B s S i 2t Ho e
F2=0(F Eq(3.4),Eq(3.5),Eq(3.6o) a1 FFiR~:

d, d,
Cos 0 1 04
Z,= dz = dz (4.6)
Cots 10 -02 -
d, d,
d, 0 1 —047d,
Zaux :Cvoting d2 uidi =1 0 -0.2 d2 uidi
d, 1 —05°0 | ds
(d, —0.4d,)d,] [0 @7

=[(d,-0.2d,)d, [=|0
(d, -0.5d,)d, | |0

Z
z=| "
|:Zauj (4.8)

EE% Mg 1 =1-cos(wf -t), fAgERwf = 0.75 rad/ sec 4.9)

Eq(@.9CA Ea3. DIECHI s HERT R

m, 1cos (wf*t) f,
m, |=|2cos(wf*t) |+| f, |;wf =0.75rad/ sec
m, 5cos (wf*t) f,

4.10)

4.2.1 SEERENEE Ry [E (dc-office)RF ISR Rl ELHE
HefPI5e R BRI LR S AL HOSERRARSE Fy— 2 (A SHRRRR SR (dc-offset) 401 4.2.1 BSERRFRIRAE(E
P, (A Matlab SHEDSSRRERE R SR 2SR PP T A S BUA S R B 4.2 T
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BRI ZS (g SRS 8 1 R S R AR (de-of fset) Y B AR R s HH ASR &3 2, B I B Rk (BL &
SEERENGT IR TR » AT LASEER RIS M, (R R 2 B —(ESEeRaNgt s 2, e 4.2 BURH ARG R |
A o BRI M, BSEERERSR R 1 S BB A& - HErm(EEUH g 2 A Rl E - B
T voting equation HYEGEE, Fe M2 HLHY voting eqauation FH Eq(4.5) ¥ B8 1] 401, voting equation Z5—41] JTF2
&M, HYSEERERGE, L8R EE T REE =58 M, fUsHaRafsE, HE 4.3 715R1,E—5107E = & 0,
HEREE B R BB =5 R =N By 1 2245 BT LAEE voting equation $5 3588 1A 7734 T AL AT DA D BCH]
%8 M, Y voting equation /% 0, 8RELE M, HY voting equations -~ & 0,1 & 1 745, EHF R I F A1 H EGHI
#a M EEnY, HEER LiflE 4.4 thBUREIZESEEIME, 7] DU ETE (EERR s f EOHIES M,
A — e ERSR B Sy 1 AR, HL R W BRI e (I F Y 53R E 9 & 0 -

Sensor M1 : output Sensor M2 : output

2 2 P
(&) [) 1
st E
IS c 0
g 0 g
S =N

1 5

0 5 10 0 5 10
sec sec
Sensor M3 : output
5 . VNl (1)w/dc offset,noise
\ (2)w/noise

(5]
=]
2
g
S

5 N4

0 5 10

sec

4.2 BRSNS E (B R E RSk de-offset, Q = 0.0)
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Voting equation : Sensor M1 absence Voting equation : Sensor M2 absence

0.05 1.05
(O] (]
© ©
2 2
c 0 ' c 10
g g
S g

-0.05 0.95

0 5 10 0 5 10
sec sec
Voting equation : Sensor M3 absence

1.05 ‘
()
©
2
= 1 J
()]
a
S

0.95

0 5 10
sec

4.3 voting equation & & ($& 5575 dc-offset, Q =0.0)

Sensor M1 :fault signal Sensor M2 :fault signal

=
ol

magnitude, d1
(=Y

o
ol

magnitude, d2
il

sec sec
Sensor M3 :fault signal

—— —real fault signal
0 —— fault signal estimation

0 5 10
sec

B 4.4 ZRECHIZSSERRERSR AL HIE ($5553R5% do-offset, Q =0.0)

magnitude, d3
)

4.2.2 $ERRENGR Ry REIF R b (time-varying) i 1%

HAR AP A FH By SRR 8 A A i S s s A R (E R s I B B 1B, M B SR K
HIES Fo 28 —(ERCHIZS (sensor M, ), HoEREAST R0
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d,(t)=2+0.4sin(1-wf -t) +0.4cos(1.75- wf -t) + 0.2sin(1.6 - wf -t) (4.11)

i Bq. 1 DR 4.1 SR A matlab EERSUBESE SRIBRSE R S S J01TE 3.5 1 5 EUHISSH6
FER SR, T ECR 2B 228 50 R (time-varying) (Y B AR SR Sk HH DGR 40 90 m, BERESHA HE SR (& S
S LAEEGFT: o AT LIS RHIEE M, DR S S — (0 S s R e B 20, B DS By L SH R B A
P A — (B 2 i o LRI I SRR s 5 T 7 L DSy P B Ay L
STRER o 17 ] 4.6 T B B S 3115 F F voting equation 255 A1 S5 58 7T B 4.6 th B/ BUHIZE M,
(AT ESETR By O 2045, LB EH 030 ISR M, SRS Y
P 4.7 FRFIRIB & BORISS S5 RSRIO MR, Foop M, M, HOSESE SRS F LA 22 580 0 (1
{RHEEITLAMEHIE] 0, M, HSEsRRSRE Ba.11), HE RIS RS S A A B2 ey (I E AU R
FEVEH S S A LI B P B T

| 4 — 2 e R 28) e R plant. noise)t V(K ) A5 18, B2 e s 722 Q(K) A5 1L [ 4k
BE TR 7772 P (K +1k) = A(K) P (k|K)ACK)'+Q (k) s, Fil -k 808 28 FIle R 25 (e B A
REETERING 777 P (K + 1K) RS U R AR, i T B o & 7 AR sy B 2(k + 1) S d)ifi i,
41 48 Fior o SR EEER, Q =0.01 BIZ SR B my i sk, BiE 4.7 Lhin, S5
H,Q =0 ISR AL IS RSE

2.S—F75ER 8 3.6.3 ERFTAURAT AL RIS B INE R S0 55 b HA I T EfsRe -

Sensor M1 : output Sensor M2 : output
2 5
1 o o | \—/
() A ()
° V. N °
2 2
= 0 N / 1 = 0 1
()] AN e ()]
g \1/\ ya g
1 Mo
-2 : 5 ‘
0 5 10 0 5 10
sec sec
Sensor M3 : output
10
(L)w/time-varying fault,noise
5/ ] (2)winoise
. 7 ~
g \\ /7 \
2 /
g’ O / 1
I /
e 5 o ////
-10 .
0 5 10
sec
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magnitude

magnitude

45 & RCH EstE HEHaR R
(sEx5H 98 time-varying, Q =0.0)

Voting equation : Sensor M1 absence Voting equation : Sensor M2 absence
3 0.05
25
Q
©
2
2 IS 0 |
(o))
£
1.5
1 : -0.05 :
0 5 10 0 5 10
sec sec
Voting equation : Sensor M3 absence
-0.5
-1
-1.5 .
0 5 10
sec

4.6 ' voting equation gyt [E
($E=REASE time-varying, Q@ = 0.0)
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magnitude

magnitude

Sensor M1:fault signal Sensor M2:fault signal

0.5 3
a
/ /
% % 2 \ 2 \
E o) —— | £ N/
% % ~
£ e 1
-0.5 : 0 ‘
0 5 10 0 5 10
sec sec
Sensor M3:fault signal
0.5 .
—— — fault signal
fault signal estimation
(3]
©
2
E 0 _—
(o))
@
S
-0.5 ‘
0 5 10
sec
& 4.7 GRS SR Aok (I
($Ean:RE% time-varying 4% 5@, Q=0.0)
Sensor M1:fault signal Sensor M2:fault signal
0.5 3 L .
« I
N N /
g2 N /
O FaabonoshtiVes by oo A sty E \kk ,/
=) Nt
g 1
-0.5 ‘ 0 :
0 5 10 0 5 10
sec sec
Sensor M3:fault signal
0.5 -
—— — fault signal
fault signal estimation
O ety b proetF i o
-0.5 :
0 5 10
sec

el 4.8 K ECHIES SE R ER SR Ak R
($EERENSE time-varying, 5551 Q = 0.01)
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423 EEEERIB#E A (Adaptive fading memory) 5k
SHETEE RN BRI TS B4 Bq.(4. 1D, BN TA-RS )8 es (Fe 8 A AR E B2 (R 48
WERVIE T, HH 4.2.3 67 0] 5% A Wi fE 7 A R e TR R R 5 OB IR RE 177 7 2= FE A AEL, 40 Eq(3.15):

P(k +1k) = 2(k + 1) AKK)P (k) A(k)+Q(K) -

1485 — BRI e AR (B 152 e a7 7722 Q(K) A B4 4.2.3 BRI -

2.5 3.63 BRI B ST AR VA0 R ML 3.2.3 E7R —EEAIZS M, USRI pIFELES, 1
4.0.3 BRI ARG 3.63 Sl FR RS R EEEEEREE BRI ERT A(K +1),
= AK +1) > 1 HiEsEr B I B L B Bq(3.15) 3K P (K +1K) ek it 75 22 ek -

DL R A R IR AR I 7 22 A R P (K + 1K) AL (15 it 5 H Al s S 9 (1T
AR A5 B At L, 22 25 ] i MU RS AR AR

{EE 4.9, /218 N0 5170 R 2 AT R HTES (R 5T, B aT B 5 A e e 5
= T B 5 T B RS RIS M, OB S o A B 4 A s R R R g
IR SRR 28, FIFE A S B SR EE M , AVEIRESESRET etk - 8] 4.9 19210 Z USRS fEi
SRz 2 Q = 0.0 AYRS TN «

Sensor M2:fault signal Sensor M2:fault signal
3 1 3 .
N . / - /
L 2 \ / / ] o 2 \ - = / ]
S . 5 NG /
5
e 1 - e 1
— — fault signal
fault signal estimation
0 ‘ 0 ‘
0 5 10 0 5 10
sec sec

4.9 EHIZE M, AR T SO R S A8 N I
(ER2REk time-varying, Z 854k, Q=0.0)
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4.3 BIEFSE R 7| 240 B IE LB 3T
43.1 E— RIS s eR B E IE

4.3.1.1 $EERENGR Fs E E (dc-offset) FFHYTE IEE 5%

DL 4.2.2 GFFI R RS b RS RE BIE A 45 3.8.2 EHRAR B AL, (A matlab
FIH S P R T CEAOEREE, El 3.8.2.3 BB S SR e PR AT MR IR AR5 o (8
JEANHY 0 810 2, o SR PHEERR A NS o = 0.00 55 islIs o 1E R 01y B B B s
(AR L L A B4, 10) B 25 EHI 28 st SR BB T o8 TE 4 L B B P T B SR M, gt
SRR 1(ALERA. SRS o IE () EBR AR B4 %) 2~3 FhR T IElE] 0B - A

(@.11) B 25 JECHI 5 i HH R P IR B R MT AT M, M SRS ERERGE, M, Y SE 3R e (B4 B AR
SRELERE SRR ELY R 2,50 IEsSR I (Gr&R) 2~3 F01& A 5 IE [ AREHSR (AL U &%)
Sensor M1:fault signal Sensor M2:fault signal
2 1
15
) ©. 0 -
g — 3
c c
2 05 &
= g1
0,
-0.5 : -2 :
0 5 10 0 5 10
sec sec
Sensor M3:fault. signal
2
—— —no correction
0 - after correction
S
>
g
S a4
-6 ‘
0 5 10

sec
& 4.10 S ECHIES SR AR 5 I E
(8 z5EN5E de offset, = 0.01,Q = 0.001)
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sensor M1 out wave sensor M2 out wave

2
g 2 -
2 2 \
o ~N %
£ 0 N e g
N M/ -2
2 -4
0 5 10 0 5 10
sec sec
sensor M3 out wave
10 .
w/dc-offset,noise
5 ] after correction
3 \\ N —— —ideal
§ 0 . ]
©
E . \\4/
-10 .
0 5 10

sec
411 BEGHIEsE IR e
($EzsERgfR dc offset,  =0.01,Q = 0.001)

4.3.1.2 SEERENSR Ryl el 2 {b(time-varyingie B B AL 5%
PR RN e iR ] 22 L (tme-verying) B BE I B 17, Bk SR st AR (22 4.2.3 BiTAHTE], 40 1E

4.12 F ORI ERE R SR S E T, BOHIES MR 1~2sec RFsHaRaNSR SE (ERHIE S 0, 40 4.13 & EHI
eath sl e T ECHIEs M, B S EREn HOR T AE 1~2sec P B I (B 2R AR HHOR TP (k4R -

414 EECHIZE M, FEREEEHZR A T robh R EE L R PTTE S, o | Al

ERIEANE, EETHINEEACR, o T R S, (R U B 2 2 i
PRAE KA, AT a = 0.02 et SR & -
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Sensor M1:fault signal

Sensor M2:fault signal

& 4.13 R s R B IR =]
(Ez5:R5% time-verying, @ = 0.02;Q = 0.01)

41

0.2, 3
*\\\ . /
0.1 2 e |
g © N/
2 2 NS
= 0 b € 1
(@) (@)
© ©
E 01 £ o
-0.2 : 1 ‘
5 10 0 5 10
sec sec
Sensor M3:fault signal
1,
—— —no correction
after correction
(] 07 ) N . VS VNN R S
©
=
c
&
e -1
2 ‘
0 5 10
sec
[l 4.12 SR RS SRR R (kR 5 1E
(#ExR RSk time-varying, «« =0.02;Q = 0.01)
sensor M1 out wave sensor M2 out wave
2 5
1 ]
£ o0 \ €0 \\ Vi
© S
£ N = ~
-1
-2 : -5 ‘
0 5 10 0 5 10
sec sec
sensor M3 out wave
10 .
w/dc-offset,noise
5 after correction
3 —— — ideal
=
= 0
g
-5
_]_0 .
0 5 10
sec



sensor M2 out wave(feedback gain=0.002)  sensor M2 out wave(feedback gain=0.02)

5 5
[0} B [0} - RN
R // - B /
c =
o) N (=) N\
5 ‘ 5 :
0 5 10 0 5 10
sec sec

sensor M2 out wave(feedback gain=0.1)  sensor M2 out wave(feedback gain=0.2)
5 5

@ Mo gt ) = IS
N \ 2 - T SN y
s ] € 0
o) S AN v
g N / g S //
5 -5
0 5 10 0 5 10
sec sec

w/dc-offset,noise
after correction
—— —ideal

& 4.14  ZECHIES M, R [EIRRRIEHZ S w58 T H 3R 5T 5 E & ERER
(a5 :Rktime-verying, Q = 0.01)

4.3.2 BHIZSHRFF tH S E IR
4.3.2.1 $EERENST Ky (E(dc-of fset)IRp Y B I

£ 4.3.1 BiPRaT B — B ES st IR AVBREB T - ARIERST = (ERCHIESE MR EA [FIRF R 2,
(&) — e A —(E R Es tEes, RHIES (0 L sE Ay s s el B
O~4sec, M, HYFE R EHGE:

d,(t) =1 4.12)

= {E GRS st RN RIRRE(E & (dy, d ), dy) = (1,0,0) -
4~9sec, M , gL s TR
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d,(t) = 2x (1— el (009 (4.13)

Ry dy (1) = 1EYSERRERGR AR O~dsec PRIV BETE 4 0, JbE IFF = (16 RN 25 9 88 8 SRS IR AR (B %y
(d;,d,,d,) = (0,2x (L— eCU049) gy

9~15sec, M, B $E 2R EHE:

d,(t) = 3x (1— el U009 (4.14)

FREd, (1) = 2x (L—eCU009)) pypnanue 0 4. Ocec iy BTN B TEE, 0% = (B R RIS Ay S22
SekikEEE 5 (dy, dy,dy) = (0,0,3x (L—eCUVM)y o g d, (1) =3x (1—eCU 00"y gryan

A A

NN G (E O~15sec N BIRFAYSEIEARME o N —HFZIAI Al A F ARG s - AP R— s8]
FEBCIRRE [P AH BT $ERR 8 1 s S IE AV A SR B4

WkE 4.15 Fo 2 ROHIRS (A $E AN EIE], (8] 4.16 2 o asm LR T2 4k e B TR &, Hispess 2R
& B ESIIREAE T — B ZIECHI 5 22 SRR (5 2~3see DT A 5 BT 28 L SRV H SRR NS &
IEAR B [ SRS -

Sensor M1 i fault signal Sensor M2 : fault signal
1.5 4
1
3 8 2
2 2
= 05 c (
(o)) (o))
: ol -
0 e
-0.5 -2
0 5 10 15 0 5 10 15
sec sec
Sensor M3 : fault signal
5
fault signal
f after correction
S 0 - e — ~—— ~ideal
2
=
&
e 5
-10 .
0 5 10 15

sec
[E] 4.15 25 RN Es B s aHas (I 5 1R e
(fikFr &R etk dc-offset, o =0.006;Q = 0.001)
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sensor M2 out wave sensor M2 out wave

2 4
3 1 - 3 2L
\ 728
2o 4R N L)
: /N RN |
I NP RN \_/ |
0 5 10 15 0 5 10 15
sec sec

5 I wi/time-varying fault,noise
/e \ after correction
—— —ideal

magnitude
o
\
_—

& 4.16 SN JEkHI s P S AL
(e Frdtanalsf . dc-offset, 0 = 0.006; Q = 0.001)

4.3.2.2 sEERENGR R BE R H 284 b (time-verying)HY B TEE ¢

1F 4.3.2.1 EnERETsEaRaNgR M e (BRI E IR tsE SEIRAVIREERE o ARPRET s SR s Rl
SR =B ER AR AR AE A [FIR ) H 8, (B R S AT — (B BRI 25 HHEE, EORIER (7 H 5 a6
AR s Ry

O~sec, M, 2 A= HHF S FERRER R4 Eq(4.11):

d,(t) =2+0.4sin(1-wf -t) +0.4cos(1.75-wf -t) + 0.2sin(1.6 - wf -t)

JEHS = (B st ke 1 (d g, d ), dg) = (dy(1),0,0) -
5~sec, M, Y gEERENSE:

d,(t)=2x(1-e™")+0.25sin(0.6 - wf -t) —0.3-c0s(0.45- wf -t) +0.2cos(wf -t) (4.15)

B A () AU sRERSE TUE 0~Ssec PYEIRS S TEREE[E] dyg () RS =ERGHIZSA My, M, BiE S sRER
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geikas(E B (dyc (1), d, (1),0) o hiE 4.17 57EH Ay (1) B4F 0~5sec N H IEMEEEEE 0,57 LA £
ST ZSEFRHIZE M, HiE -
10~sec, M, A= g aiatak:

d,(t) =3x(1-e®)+1.2sin(0.4-wf -t) (4.16)

RE d, (1) (88 HSBE AR 5~10sec PYENAS B TR O, () HEBE = (EEGHIZEE M, M, M, = (@4
sapeerpge g b (dy (1), d, (1), ds (1) - i 417 TTE S,y (V) B8 5~10sec B IERHE ST

0,57 L4 Oy (1), doe (1) $94R BB 0 4FsR 20 2 RIB N, BT M, M, SESESRERSE B DU 245 AT 25
SERHIZE M, g -

FHIE 4.17 £ M, SCRIAE 10~15sec IiRFSERAERE d 5 (1) SEIERGME dy (t) A8 T —BSZIRI R AR HE
LRSS L 2 - 20 L IEER A AT B — SR R A RO R AR D5 A Y By 26 3588 Al K B Y A BRI

WEE 4.17 Fo 2 ROHIES (R $E 3R SRR B (R B, (B 418 2 RCH 25 LR T2 4k A B TE ], R peas SR
1B B ESIIREAE T — B 2R 2s 2t gE R BT (1~2seo)ié AR FUHI2S By B B SRa NS 5 IR 1
B FHEAEEAGE -

Sensor M1 :“fault signal Sensor M2 : fault signal

3 5

Zw/
Q Q
=] =]
! 2 /f\/
c 1 1 € 0 e
(o)) (o))
£ £

07 S e e NS TR

0 5 10 15 0 5 10 15
sec sec
Sensor M3 : fault signal
5
fault signal
after correction

@ /\ —ideal
2
.E O S
()]
@
E

-5 s ‘

0 5 10 15

sec

el 4.17 & RCHIESE RN B IEE
(e Feitsn R g% time-verying, a =0.05;Q =0.01)
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magnitude

magnitude

sensor M1 out wave

4
2 3
=
[ P g
0 // N\ / g
N N
2 ‘
0 5 10 15
secC

5 10 15
sec

sensor M2 out wave

sec

w/time-varying fault,noise
after correction
— —ideal

& 4.18 2 BRI ES#m i R (< e B R &
(st sRaHEE time-verying, & = 0.05;Q = 0.01)
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FLE FERAGIEREIKEAE

A EER DR 18 IS EE RS o BE B SO (5] A S 22 B, 1f LA = (WA ZEAR B A [ PR r OIS 2
5 b SR, DR v B S e ) LIRS &, P DARR & A A R RS R = (AR Y
(L LITERIE @, 1T B i B 28 vl B A o TS =41 @, = oor “ Bkl T RMAR 2% 2 BURIR T

88 %:, B By parity equations,FFAI]H parity equations FYE R A A S S B S8 88 i ke S TE Y B B
1Thwsg -

5.1 BEREARE T

5.1.1 BE-FetkfEs
B ARG T E BT TR R i GIa A DL 3D A B S E T, £ E R N AR A — RS e
S P o 1 G A AR ) B0 s i AT R R A B i 23, K 1 B e e P 5 [ TE
HHE] 8051 I HE A ZRAR HYRR S, HARMRii A & AR TR AT e 145 - et VBB P S i¥is
5.1 FRXEELE 5.2 HEE TR S EHEGR) -
ERFR e A
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& 5.1 EhgheE 5 a2 (E @ LEE)

5.2 glhgieiFaia G S E)

5.1.2 HEEAHNZRARRG

ARE B2 R R T 2568 2 50 B P RS HIES By Analog Devices AE ZE Y 3 Hilri# i (three-axis accele
ration),AU5% £y ADX1.330, 55— MEMS(Micro-Electro-Machanical Systems) {4, F5EEEEEBR#E H = filrhnzR
FEECATTEE - SFREREE - REAETE - D7 (EEHIINZEE - o] MR es N Z258 - Es ABREIH
A~ EMEEN - I EBRE - ARG ERES - W wil ~ FHEEEICEREMER) - AEEHIYH

AR &M R BN A O IR LR RS A 5.3,

HR M R

L Z#nE#E RV Y ~ 2)
ECHIEE - 3G

TAFEERE : 3.3V

PEREERE © X ~ Y(1600Hz) > Z(550Hz)
{REFESE © 0.32mA

0G ZEBE : T{EEERE/2=1.65V

FEHE - 330 mV/g

S A AN e
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+3V

—e Vs
ADXL330

Rewt | Xour
QUTPUT AMP

3-AXIS
SENSOR | |

Cpc =— AC AMP DEMOD QUTPUT AMP

T
i

OUTPUT AMP

@ v~
coM ST -
8
IS
&

Figure 1.

5.3 Functional Block Diagram for ADXL330

5.1.3 3 mIAk S ZE A

RE GRS E RSORERE 2 HAEEE R 750W, H4RiHas(encoder)BR F 1 B AY4RIG 25,
PAAOR ER S Z I EA

L3 220V 2R e, AT M ER K KB R EG Ma s ERETIER - AEhE
2R EE )V 56 H & dk, A DUEE R T R 1Y 3O (RIS ZE (T50W) -

2.5 ik = ZE SE Ik 1 (pulse) 5K 7E AL, 52 i {5l Bk S 22 B UT R 1 {18 ik iy, et e e e 1 {1l AUk 18 ¥ e
P (e T B RS R By, 207 fa] AR 222 Bl e 4R A5 25 (encoder) 28 HH A 8T, BT LAST i (8] R 55 22 I i
i — {18 A BT 5 S B Y B e e A S (R B 2 1 2 Y IR T R i T I R 4 b —
RO G FE % T 2% /D Ak 46 2R FI IR B 22 TR Iy S T 2 /D ik ey [B] 2R, 3 452 ik B 40 TR AR
Tife FY A2 i ] ke 6 2 I B Bl 14 11 B R W Y O 7, AN B B T S OK B i LR iy LAY DSP 8 B 50t
5] Al F5 22 1Y 4 195 &3 (encoder) 2 H Ik o7 Ay &5 3R 6 550 e 488 7 58, 7 o DGR R R HH i 2R

AREEEHEFIIM sinano CB Y AC GRS 22, 411&El 5.2 £y CB AU{EIRE 2 IME K~ & AU5% Fy 8CBT5
P& ECHYSES s /iy ED1-20B, 588 a5 % & S a5 (inverter) B2 25 (controllen HY L RE, A& 5.3, A H 5%
R 5 o 2 SR 22 (inverter), R B A BE B 25 % (isolated and driving circuits), f1 DSP % & #2122 (speed
controller) HY Ifj 8 , DSP #E & % & 2% (speed controller) # B B = #H & & | JH i1

clarke, park, clarke ™, park ~ gz fsEss st a2 -
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R 2 I00mm . 300mm
SOEIn e o ST

Encodersiis 3% !

;ﬂi-

TN

TT

¢|$0

H

| ’_
L35 )

54 CB AR EZEIME R ~TIE
5.2 ERESZREN 4T

AREBRIERIZ LR B R R EE RS MPCR2GS5 16, A 2E R A ZE i, DA C 5B S 1E Ry il g2
AR REEET H C EESZEHIE R FEES 0.01 #odErfit ADC(Analog to Digital Conversion)f#ifa—X,
Wi 5 B 2 T e R 2 HH L BE R, 4 E 8051 fi 8bit ADC B 1% 5 Ry B 7Y 8bit 0~255 HYELF,
£ 1000 #& ADC EfHz B 10sec 12,1755 Uart 5551 {Ei H 31 8RS w4 it b R AT520 3 {1
INERARAE & 2 g 10 #0, 5 0.01 P it ADCHEHHTERE L 3 {EANZARAY ADC S E R E R
A SRR =) O NZRFE © MPCR2GS16 FEan S Bk 5.1 Fir -

8051 s MPC82G516
Internal ROM capacity(byte) ISP Flash ROM 64K
Internal RAM capacity(byte) 256+1K
10 port 32~40
Interrupt 14
Timer 3
Uart port 2
Others SPL,PCA,A/D,JAP,OCD

%% 5.1 MPC82G516 S8y
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53 EERAGIREENR
R B A SRS B S D BT B W B S, U BT SR 4 A B T T M
HIZBEE A matlab BURAH AR T, BEAR S CHEERE (T -

53.1 BERAGAEEREE
B EFBRZEHE R 1 IR 25 2 (B IIERAAAC 25 6 RO 240 B A o i BV 2 b g — e

[E]EAEA B LB L 0, T DUS 22 SEEhes Besh 6 2, IR (L e e Qe S 22 sE BR YV ] 2% 2 i

o &R o W] H R R 2SR, AR DL 8051 AYFERIRZE,40 5.2 BifT 48 H Uart {Fim 2 EAE
it P15 1 ) o R EE @ » g Qg HYEDRE FE R 12 = (IR AV B RMR A A D2 & 0 B2 A5, A
HEAALT:
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