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Signal Reconstruction Based Active Decentralized Fault Tolerant

Control for Reconfigurable Manipulators

ZHAO Bo' 2 LI Yuan-Chun?

Abstract
urable manipulator systems with sensor fault. According to the modularity property of reconfigurable manipulators, an

An active decentralized fault tolerant control scheme is proposed based on signal reconstruction for reconfig-

adaptive fuzzy decentralized controller is adopted to realize tracking control of each module joint trajectory at normal
state. When a position or velocity sensor fault is detected, the reconstructed signals obtained by numerical integrator
or differential tracker are utilized as the feedback signals to substitute for the relevant fault signals to realize active
fault tolerant control. This scheme takes the advantage of redundant information sufficiently and avoids the affection to
other joints brought by performance degradation of the faulted joint module. The numerical simulation results verify the

effectiveness of the proposed fault tolerant control.

Key words
ized fault tolerant control

Reconfigurable manipulators, sensor fault, signal reconstruction technique, fuzzy control, active decentral-

Citation Zhao Bo, Li Yuan-Chun. Signal reconstruction based active decentralized fault tolerant control for reconfig-
urable manipulators. Acta Automatica Sinica, 2014, 40(9): 1942—1950

AR o — R AT A1 OGS R
A, Hy TV ORI AR AL T RIE WA [ AT 55
it 2. T OB R R 1 N 2P 22
AR R RE K AR AR 55 T, 0 JL 22 A MR T R
PESEHY TSmO 2EK, AEARCREE b, RETINHhAT
a s ARSI A B RET IE W 2T IOE T RSN
FIEEE. AT E AU K I R CAEE R A %
HREZ: 7 SR i B T s ey i A 2

Wk H Y 2013-06-19  stHIH Y 2013-12-11

Manuscript received June 19, 2013; accepted December 11,
2013

[E %K ASRFHA R4 (61374051, 60974010), HMRARHEK Rl H
(20110705) %)

Supported by National Natural Science Foundation of China
(61374051, 60974010), Scientific and Technological Development
Plan Project of Jilin Province (20110705)

AL THTHZE NER

Recommended by Associate Editor LIU De-Rong

1. KELWAERTHRR K& 130012 2. SHROAERRRES
THRA KA 130022

1. Department of Control Engineering, Changchun University
of Technology, Changchun 130012 2. Department of Control
Science and Engineering, Jilin University, Changchun 130022

(RIREE PERE 2 BEREIR, PR fE R, 5 AN X el
SN HEAT AR B, ) e P ECRMEVER JE R, R AT i
B2 W7 L AR A R BN R A TR AT 55

H oAy, A Ak 2% 3 0t ke a2 2 b 2 4%
BT RIS T e AN, s R AL
N R b A e BT A H S X AT A
OB REAT AL BE, X A% S A W R REAT 2 W L A ) A
FRIAIT 5 R SR AR 5 />, LT3 3k 2 2] p O = Fi:
1) B TICRE B INEE), — RG4S TAAEILR
JUAF BT AR R BN AT A ) 2) Bk
Ky ¥ Iy 107021 gy vl ek A 2 o 28 T A 4 )
L B A H s 3) BT B e A A
VRIS A AN s M S A T R AT I SR
ERRIE, F0 T R VO BRI AT R A

BT R AU bR 2 W S A ],
B2 o T A TR AR ARl RO
oA SR 2 W 7k, VAR SRR R I B AR AT
RATREPRIEATIBAT | AEATIAFAE T RN SE 1 1 L. 23 1%
oS T ECH DR I AR -3 LR SR EPSNEI 27 s



9 10 R HE T

5 FAY I AT S MU 32307 BOAC P 1943

AL, AEBFSE K2 AT 0 AT 28 b i A il 724 g
o) T AL WL A% B A e, SCRR [22] R 43
B UL N 8 0 A% B 2 s R A TR I 5 R FEAR A
LAy H A5 5 TR B 1 B 45 5 1B AT 4, (HIL A
P BB A7 MR TRORG A5 M 1) B 71

A SRR B A UBR R 2R 0 A% I e 1 A
T EAT AT, BE T n] S A WL R A B
& ) Lyapunov F80E PEELE, Beil B4 TAER
3N 1) H AR 2 B AR, PR UE % OG TT RBE PR
ERIHEHENIE. T RGN B AR A R A s, R
AR IR E S AR 5, YT RE
THLJE AR IS R A OB N SR A AR RS T B 1R
AR WA T R SE IR A2 B Ay BUA R S L Tk
FI AL B A% s R AR R AR R DR ETUAR R R,
PRUFAE B Wb 5 4 ) R e g

1 (e RREIA

tH Newton-Euler J7 #4321 n [F B A] Ay
HUBRES (1130 g 27 57 Sy 20)

M(q)j+C(q,4)q+ G(q) = u (1

)
Hrp, g e R" AXTIE &, M(q) € RV A
PEREFE, C(q,q) € R* WA JAIE O AR, Glq)
e R NHE NI, v e R A m . ¥ (1)
IR A
Z M;;i(q)d; + Z Cii(0,4)4; + Gilq) = u;  (2)
= =
EP qi, q“q“ z( )*Duz /\Dljjj['jiq’ (I> Qa G(Q)
%n w MA@ AN, Myj(q) R Cij(q, q) 50k B
M(q) M C(q,q) M ij Aot
H Al AU B ST I8 — AT R A,

M (2) B R (¢, iy Gi), WT RGN
T 2ERE T ] LU A

M;(q:)d; + Ci(qi, 4i)G: + Gi(@:) + Zi(q, 4, 4) = w;

(3)
Zz(q
{ Z M;;(q M;i(q )_Mi(qz)]Q1}+
Jj=1,5#i
{ Z Cij(q,4)q; + [Ciila, d) — Ci(q’Uq.i)]q'i} +
Jj= 1]#
[Gi(q) — Gi(q:)] (4)

Hrp, M(Qz) € R T RGEWMHIIE, Ci(q,q) €
R ATRAFK DAL, Gi(q;) € R AT R

GEIII, Z;(q,4,q) € R AT RGAE RBEIL
ZERFER BN S LA, BT RSR
AN € P P 3y, BN

Mz(qz) = MiO(qi) - AMi(Qi)
Ci(%di) = CiO(Qi7 Qi) - ACi(Qia (L‘)
Gi(q:) = Gio(@:) — AGi(q:) (5)

¥ Mio(q:), Cio(qi,di), Gio(ai)s Zi(q,4,d) 7S

Hh Mo, Cio, Gioy Zi, W1 RGB) I HRERLS
Gi = My (u; — Ciogi — Gio) + pi + hi ~ (6)
Hp
pi = =M (=AM, — ACig; — AG;)  (7)
hi(g, 4, d )— —M;y' Z; (8)
W X, = [Qi Qi] (l =1,2,--- ,n), MRG0T
B A AR T A JR A R A W IS
Xig=Xi+D;fg 9)

Hrh, D; = diag{1,1} R i DICTTBIHAL R AR I
B AR RE.  fo = [foir fein)® REB @ ADIRATHIER
(100 A D 25 W I o 5 B, AR R ELWG A2 || faa (B) ] <
§i(t), Forb &(t) hC RIS R AL

2 EEHNEBEIEHERT
2.1 SEUEHIZSIZIT
2.1.1 BiEMNE# SIS 25T

BRI AT AU 7 R Gish ) (3), T
VRSB 20 T A8 S A P R F

Uy = Ujo + Uie (10)

wio = Mio(qi)(Gia — Kinéi — kipe; — pi) +
Cio(4i, 4:)di + Giolas) (11)

Uie = — Mygsgn(z] P B;)(p; + 7;) (12)

o g SEVFSEL YRR, we R R IS SR
P, FRAME REARHIEE. ki, kip IR
BB, o = [e é)" E CHIRERRZE R, B, =
(0 1T 7, RArESE TR R0 E &N 5
5T

(13)
Horp Ty, AIEHEL, P, /240 F Riceati J7F2 1

AP + PA; = —Q; (14)
Hrp, Q; € R¥? J&XFR IE i b

i =T,



1944 H ]|

¥ {1

40 %

HIRT B & A E 4 2R UM R RS 2 AN T
ARG G SRR 1, FRoR T

Pi ( w;erBz ;WiTp) = WiTpZip ( JT;FPsz ) + €ip
(15)

pi (|#i PBi| W) = Wi Ziy (| P.Bi|) + Ez'p |
16

Horr, e, Mgy, ABOWHE 4 RS0 IE T %= 2ZE,
WZE H VV}; hnl iz &, Z,(|af PB;|) M
Zip(|xF P,B;|) o B0 25 ok Bl 52, pi(|2] PiBil,
WY R pi(|xTPB| WEY 1l T A 4
ﬁl(’x;rplBl‘7 Wg) *ﬂ ﬁ7(|x;rP7Bl’ 7Wip)7 %%mQDF

ﬁi( z; BBi|) (17)
i ( ) (18)

b, W R WL 3B WE R WD otk
R (19) 153 (20) BT 30 5 57 o 7

xiTHBz’

7W5) = WB;ZW (

z} P,B; z] P,B;

vWip) = VAViZZAip (

/E\:EF‘, MNip %l] Nip ﬁﬁﬁiﬁ
Eeagst (6) At (10), AT40

kipei + [31' + Mial(uic - Zl) (21)

Wb, 5 = pi — i, TERS 2 = [e; &), IFE X by
= M Z, SRR, W L3

€ = —kié; —

o 1], _fo], _
—]{,‘ip —]{,‘Z—v ) T 1 9 1 T
M (uie — Z;).

g 1. WL g4, Gor M G AT 5
fBi% 2. I hi(g, ¢, G) A Hal 2P

;H:.EF" A'L' =

[hila: d,d) < dij B (23)
j=1
b, dy; >0, B, =1+ [2TP,B,| + [T P, B[, )¢
%X pz(|$;erB1’) = nmaxij {dZJ} Ei-

& AL TR
Wiz = Pi ( 5U1TPZBz ) - Wi’};ZAip (}':L‘zTP’LBZ ) (25)
w; = Wy + Wi2 (26)

R 3. BIMI@EMTHRZEA R, HiL [|w
< ;.
EIE 1. FEn ERPLE T R 48 ) F R
(3) AR ¥ 1~ 3, Bt BTk 55 ) ARV K 23 B9 E
ISR 2 A (10) ~ (12), K HIE N 5 H i (13),
(19) X (20), Wynr CRUF AR R tee, Hpuk
ERER R ZE R4 —EH I

HERA. JEHX Lyapunov R

1 1.~ -
sz' = *I‘TPZZCZ + §W~TF71WW +

21 W ip

1.~ ~ 1
§WiTpFi_plWip + 577?1“;71771- (27)

W ERK G, R (22), WA

. 1 .T 1 T . T T1—1 s
Vi= 5T Pix; + o Py = W, Uy Wiy —
WiT 'W;, — i Uyl =

wpTp

1 -
z] (PBA] + A P)x; + x] PiBi(hi + pi) —

51
Wifffpl Wz‘p - Wgrz}lﬁ/ﬁp - ﬁ;‘rrfnlﬁi <
SeT(PAT + AP), + |aT By ] —
«l P,B;| pi(|xf PiBy|, Zip) + 2] PiBij; —
2T PB,| i — WET W, —
WIS, W, — i T, (28)

1850 (23), AT

=1 i=1

. L " (1
V=) Vvi<y <2:c?<BA? + AP —
ngpiBi WiFiZAip - i +

max{d;; } Zn: Zn: Ej+
+ j=1 j=1

) PiBip; — WL, Wi, —

i ip

x?Pz'Bi

ipTip

WIr-, — ﬁiTF;fﬁz) (20)

HEE |2 BB, < ‘%TP]B]| < E; < Ej, JFFAIH
Chebyshev A&, A/ 15:

n n
Y Ei<n),
i=1 j=1 i=1

st (13). 3 (20) L3t (30), AT

n

z] P,B; x] P,B;

E;  (30)



9 1 ATAE: BT S FE AL K AT FA U 3 20 BeA R ) 1945

x;F-PiBi

i=1

ﬁzTFz_nlﬁz + ﬁ/llz; (‘:E;FPZBZ Zip - Fi_PlWip> +

P ip ?

af P,BiW;,Z;, — W—TF1W49> =

n

3 (;xT (PAT+ APy it i (

i=1

ol + W ( +PB,

Zip — Fi;lmp) +
mp <‘T;TRBzzzp - F;)lvlvip> ) (31)
Wt (14), 58 (19), K (20) B (31), 7178
ey (; (PAT + A,P) x> <

1
tlim z;(t) =0
tlim n:(t) = 0 (33)

[l
2.1.2 HitHREAE AR
RS BR TR, W] E AU 2R 4845 AN nl it £
iy sZ 3 A R U RS TR, RS A A RS, DR
B HUEAT DB AL B
WX = [«Til »’Uiz]T = [qi qz‘]T (i=1,2,---,n),
F g e ] AU T R B )
(3) BUE AR A &AL N

Xi = Aixi + Bilfi(qi, di) + 9i(q:)us +
Si : hi(qvq.a q)]
Y = Cixi + w;
(34)
) v 2T RE S, RSN E, y, £ TRES;
M, w; AEBMES TR W, EH S H w;
HYIHHERE x:(0) AHE A, H

A R S I B
00 1 01

fi(giy @) = M; Y (q;) [-Ci(ai, 4:)Gi — Gi(@:)]
gz‘(%) = Mi_l(Qi)
BV R A e DE I A%
921‘ = AXi + B; [fz(du (}z) + 9;(Gi)w; +

hi(d, 4, Q)} + K[y — CiXi) (36)

Horh) Ky O RE RIS 8 25 H 0. JEPORZE Xy =
— X R TR

)L(i = (A; — K;Cy)xi + Bi6; — Kiw; (37)

L

\

0 = filai, di) + 9i(@i)u; + hi(q, 4, 4) —
fi((fia qu) - gi((ji)ui - hz‘(@, (57 f}) (38)

1] )A(i(o) = Xi(o)a 50‘(0) =0.
BRi% 4. JEPRZEDT S, A F, HL (|0;]] < A,.
WR K, —raeigikasilian, WS RZE T &
P, WARAFAE, H P, LU RIESEM Riccati JREME—
IS AR

P, = P,AT + A,P, — PCTW,'C,P, + B;A,B}
(39)

T INARRGE, BIUTRZE Py RNAR N, BRICK
BT FCREAT OB v SRR, L2 o DR T B
AR W afef e Wil R4, BHEAR
BN, DR A5 S B O T AN AR, J

HY ¢ — oo I}, P, — 0.

FH T L BB A A (B M 2 5 s s v
T RGERS I ARAG v, SRR, S
FAEL PR A T2
2.2 ETESEUMNENDHBEEIES
221 fIEERFHEESEW

4535 K ) Runge-Kutta 24— F i B 1) % 5%
O3 7 REMRE, FERTAR 3 S B e ) B Ol A Ik
PR DB, Pl TR AR T R 2 AR 2 R
ERZ 7 &, R s, A SCERIE T DU AR
K Runge-Kutta 5% 1 7 25 AT HE B v ie
(26]

FRUEFPUBY Runge-Kutta 23 X1 F:



1946 H ]|

¥ {1 40 %

1
Ynt+1 = Tp + é(kl + 2k‘2 + 2]{73 + k‘4)

kl = f(xnayn)
h h
ky = f(l‘n+§ayn+§k31) (41)

h h
ks = f(z, + 57% + §k2)

k4 - f(xn + h7yn + hk?))

ALK Runge-Kutta J7yE VA B R

Wi LY e, T e/M, M > 1, S KH
KA ho. Wz HIERHEATISE, KA h.

FIE 1. HAP K h M Runge-Kutta 2315
o, K hy2 WS o8, IS A

S 2. A > e, WIILKITK, B h %,
B 1 TR

S 3. %A < of/M, BB KN, 75—
¥ b HOK, ARRHERE Ry,

WK b s FIR e (IO L 2
PR REAT IR AR, — MRS UL T, 5K b 5122 L
e AN, RS FERL S, (E I 10 T VT S, S8
SEINYE 22, DR 0 IS LV B A 4 K A
SIS S5
222 EESBEYEESEY

SO 5 8 T T th 3 A R 8 5 5 T
VI P B, ASSOE I (42) 127 ) SR
A MR B K 15 5 S T s A .

@in(t) = wia(t) = A /|win () — 2 (1) x
sgn(wir (t) — wi(t))
Win(t) = —Aiesgn (w1 (1) — 41(1))

(Zi2(t) = ﬂ%il(t) = wio(t)

(42)

b, @4 (t) A AT BAR AR A AT 2 (A
Ty Ny Nip AT ERESGHE (K Bk 24 H
EBOR, BRI B, (B S S, DA o 2
SR GRS A U, AR AL S R I [R] IR B gk /)
T,
2.2.3 EHAHAEEHARE

T BRI AR GE o i I 55
LAV E R ol 1096 o 1)1 B 17 S S0 S B 1
R I SRS DA S A U L A7 A Sk A
B, LRI (41) A AR 5 BURAL B AL s
RS EAT B S], [FIEE, 247 RO AL IR R
kRN, LRI AT AN (42) Py A R A 5 AT
S, LAIK 2 B AR I H .

3 HEME

N T B AUE BT 1 22 Bl 43 O 1 R T
Bk, ASCHY SR [21) 1 BTs I PERRTR fR
ZH W] E AU R LA K B ) R AT A
LAY, HHEE P RO 2 AN AR, 5 3R A 2K
(10) Jir7 (1) 19 38 B ASOR 23 dicds sl e, L b s il 240
WHEN: ki, = 400, ki, =80, m;, =1, m5p = 1, m; =
1, Q; = diag{10,10}; fREIEP IS H B E N W,
=1, A; = 1; K Runge-Kutta FE 5451
BHBEEN: h = 1/128, ¢ = 0.001, M = 2; IR
EER B SO E N A\ = 8, A\ip = 8.

ARAEDT B R, O 1 At (43)
JIT 7N HRAVE B A ey W

0, t<4s

fm—{z o (43)

M1 RO 1 4E ¢ = 4s IR B2k
I TR K 22, iy R A2 2K 1) Runge-Kutta
SFR EAR T AT EA, FRERM B 5 AT X
Tl SO ERER i 2 W] 2 PR, SRS
PERE LTI 32 ZI 5200,

= 1

i‘-’ E N Desired trajectory]
=N e . -Actual trajectory
£ of

S S e

Gy

o

oo —1p

g

%

g o}

=}

2

2 3 .

A~ 0 1 2 3 4 5 6 7 8 9 10

Time /s

(a) KT 1 A7 B IR ER L

(a) Position tracking curves of Joint 1

-t | [ Desired trajectory
Actual trajectory

-8t

-10

0o 1 2 3 4 5 6 71 8 9 10

Velocity tracking of Joint 1 /(rad /s)

Time /s
(b) Y 1 B R R 2k
(b) Velocity tracking curves of Joint 1
K1 M A AL I b i ot 28
Fig.1 Tracking curves of Configuration A with

position sensor fault



9t RS B THE 5 A T AU 32 3070 A R s ) 1947
I g 1 ——
g g Desired trajectoryl
=N e Desired trajectory| — Actual trajectory
= Actual trajectory g 05
£ 05 G
=4 -
= [
ks ° o
2 O £
4 E 05
E-05 i
o 5]
2 Z 4
'g -1 . . L s L . L L & 0 1 2 3 4 5 6 7 8 9 10
[ 0 1 2 3 4 5 6 7 8 9 10

Time /s
(a) R0 1 {7 B BN M2k

(a) Position tracking curves of Joint 1

3 15

I [ CETTEE Desired trajectory|
= 1F Actual trajectory
g 0.5

s

“— 0

©

.g," -0.5F

3 -

S-1s

3 2 .

o 0 1 2 3 4 6 7 8 9 10
> Time /s

(b) T 1 I8 BRI h 2%
(b) Velocity tracking curves of Joint 1
K2 B A RMACESS 5 BRI AR B 2
Fig.2 Tracking curves of Configuration A with position

signal reconstruction fault tolerant control

TN T P RS R A A S AR R D0, R X
RAT 1IN (44) P (0 8 A% s s

0, t<4s
Jsi = . (44)
2sin(t), t>4s

ME 3 Far A, iR, 8T R
W1 AL EPULERER L€ 22, TR B R
2 Z2 AR H WIS, U, SR> BRIER 3345 1 1) 4 L
HAAE T AR o, PUBEREAthZ i 4 Pior,
M RT DUR ), R A B T T 5
72, 2 Ja SR LU B ERORG B DR R AR 3% 22 SR VBRI A,
VO T VAT R S B AT T A

N T AR BB K 5 AN R B S T SO0
ATFRIFE NS 5 RIER], NATRIE B 34T AR
RIPT LS8, BRSO 1 A (45) Prosiffr &
PR W, PR R I Ze P 5 AP 6 s,

0, t<4s
2sin(3t) + 0.5 cos(2t), t>4s

Time /s
(a) X7 1 {7 IR i 2

(a) Position tracking curves of Joint 1

------- Desired trajectory|

‘Actual trajecto:

Velocity tracking of Joint 1 /(rad/s)

Time /s
(b) 2G5 1 R PRI ih 42
(b) Velocity tracking curves of Joint 1
3 KB A AR R O R 2
Fig.3 Tracking curves of Configuration A with

position sensor fault

—_

...... Desired trajectory|
Actual trajectory

g of Joint 1 /rad
=)
W

2

|
—_

Position tr;ackin
=)
(9]

2 3 4 5 6 7 8 9 10
Time /s

(a) KT 1 AL B IR ER

(a) Position tracking curves of Joint 1

=
—

@

-g s Desired trajectory|
\:_, it Actual trajectory
‘go.s-‘-.._.

B of:

e

€05

S

& —1f

=y

g-1.5 :

50 1 2 3 4 5 6 7 8 9 10

Time /s
(b) ST 1 g BRI i 2
(b) Velocity tracking curves of Joint 1
B4 R A SRATIEESS 5 T K A b B h 2
Fig.4 Tracking curves of Configuration A with velocity

signal reconstruction fault tolerant control



1948 H ]|

¥ {1 40 %

()

------- Desired trajectory]
Actual trajectory

—- N
; ;

=]

|
—_
T

|
[3°)

Position tracking of Joint 1 /rad

Time /s
(a) 25 1 o B PR 2

(a) Position tracking curves of Joint 1

Velocity tracking of Joint 1 /(rad/s)

Time /s
(b) 7T 1 TUAEFRER M4
(b) Velocity tracking curves of Joint 1
K5 MIE B AL AL G R i 2k
Fig.5 Tracking curves of Configuration B with

position sensor fault

=)
;\‘3 N Desired trajectory
— 0.8 —— Actual trajectory
8 06
B 04
® ol
g 0
g-02
8-04 -
~ 0 1 2 3 4 5 6 7 8 9 10
Time /s
(a) KT 1 A7 B ERER L
(a) Position tracking curves of Joint 1
1

(=

|
—

Velocity tracking of Joint 1 /(rad/s)

-2
------- Desired trajectory
-3 Actual trajectory
—4| 1 ) 1 1 1 1 1 L 1
0 1 2 3 4 5 6 7 8 9 10

Time /s
(b) KT 1 g BRI i 2
(b) Velocity tracking curves of Joint 1
6 HTE B R EAT S B AT RS Hh 2%
Fig.6 Tracking curves of Configuration B with position

signal reconstruction fault tolerant control

SRIEAREF R 45 1 AT (46) FF s i e
O, B e 1 7 RO 8 T,

0, t<4s
si — 46
! 3, t>4s (46)

WA EAE R LA B 518 A AR 4518,
N RS o S i N X E S S I N
RN AR, FEAME BUEMT T S B 00 T, ASC
PIT BT 800 ORI P B 7 VR AN R T 1) R] S A
BUBRE 54624

------ Desired trajectory
0.8 —— Actual trajecto

Position tracking of Joint 1 /rad

Time /s
(a) &7 1 {7 B BRI 2k

(a) Position tracking curves of Joint 1

------- Desired trajectory
Actual trajectory

Velocity tracking of Joint 1 /(rad /s)
I
[\

Time /s
(b) T 1 R BRI Hh 2R
(b) Velocity tracking curves of Joint 1
7 K B AR I R R i £k
Fig.7 Tracking curves of Configuration B with

velocity sensor fault

osh [= Desired trajectory|
Actual trajectory

Position tracking of Joint 1 /rad

Time /s
(a) 6797 1 BrEBER

(a) Position tracking curves of Joint 1



9 1 ATAE: BT S FE AL K AT FA U 3 20 BeA R ) 1949

—

i e :
o = i

------ Desired trajectory
-Actual trajectory

Velocity tracking of Joint 1 /(rad/s)
U
o =

Time /s
(b) CHT 1 M FRER Mk
(b) Velocity tracking curves of Joint 1
K8 HJJE B RIS 5 HOAL (1 2 2 TR R fth 2
Fig.8 Tracking curves of Configuration B with velocity

signal reconstruction fault tolerant control

4 g

B0 A EE R AU 2R G0 A% I8l e, 48 — Rl
FETAE T HEMEARMN B 8RS E S5 4R
GIEH TAER, KA T Lyapunov F2 € PEEIS 11
3B 3E N ASER 42 1 7 9 AT O T I BRI A A
R G AR A R A SO I R A A S R
fRIRZR e L RIUR R, K EME 5 A f b
55 SEIL B oy BUR AT . DT LR M, AE A ek
AR S &ETS, ok Rk AT B AR K
WA A AT RS R, G R R A IN AN ARE 2
Iy AR ks, BT 3 th ) 32 3 23 B A ) T i e AR
UE ] F A UBR 2R G008 B R I 0 7 .

References

1 Paredis C J J, Brown H B, Khosla P K. Rapidly deploy-
able manipulator system. Robotics and Autonomous Sys-
tems, 1997, 21(3): 289—304

2 Zhou Dong-Hua, Liu Yang, He Xiao. Review on fault diag-
nosis techniques for closed-loop systems. Acta Automatica
Sinica, 2013, 39(11): 1933—1943
(R4, xdE, . MR RRBEE S WA LE. B4R,
2013, 39(11): 1933—1943)

3 Chen Zong-Ji, Zhang Ru-Lin, Zhang Ping, Zhou Rui. Flight
control: challenges and opportunities. Acta Automatica
Sinica, 2013, 39(6): 703—710
(BRomtt, skiklBs, ko, FBL AT A rALE S5k B3l
14, 2013, 39(6): 703—710)

4 Edwards C, Alwi H, Tan C P. Sliding mode methods for
fault detection and fault tolerant control with application to
aerospace systems. International Journal of Applied Math-
ematics and Computer Science, 2012, 22(1): 109—124

5 Liu Chun-Sheng, Jiang Bin. H, fault tolerant controller de-
sign for a class of nonlinear systems with a spacecraft control
application. Acta Automatica Sinica, 2013, 39(2): 188—196
(B, . —RARLNE RGN Hy B ESIR st IHES
) RATER AN, B3ILAER, 2013, 39(2): 188—196)

6

10

11

12

13

14

15

16

17

18

19

Siqueira A A G, Terra M H, Buosi C. Fault-tolerant robot
manipulators based on output-feedback H., controllers.
Robotics and Autonomous Systems, 2007, 55(10): 785—794

Mirzaee A, Salahshoor K. Fault diagnosis and accommoda-
tion of nonlinear systems based on multiple-model adaptive
unscented Kalman filter and switched MPC and H-infinity
loop-shaping controller. Journal of Process Control, 2012,
22(3): 626—634

Tan C P, Habib M K. The development of a fault-tolerant
control approach and its implementation on a flexible arm
robot. Advanced Robotics, 2007, 21(8): 887—904

de Silva C W, Wong K. Online fault identification and fault-
tolerant control of a multi-module manipulator. Interna-
tional Journal of Robotics and Automation, 2010, 25(3):
217-228

Edwards C, Tan C P. Sensor fault tolerant control using
sliding mode observers. Control Engineering Practice, 2006,
14(8): 897—908

Izumikawa Y, Yubai K, Hirai J. Fault-tolerant control sys-
tem of flexible arm for sensor fault by using reaction force
observer. IEEE/ASME Transactions on Mechatronics, 2005,
10(4): 391396

Wu G Q, Lin B J, Zhang S C. Fault-tolerant backstepping
attitude control for autonomous airship with sensor failure.
Procedia Engineering, 2012, 29: 2022—2027

Talebi H A, Khorasani K, Tafazoli S. A recurrent neural-
network-based sensor and actuator fault detection and isola-
tion for nonlinear systems with application to the satellite’s
attitude control subsystem. IEEE Transactions on Neural
Networks, 2009, 20(1): 45—60

Dhahri S, Sellami A, Hmida F B. Robust sensor fault
detection and isolation for a steer-by-wire system based
on sliding mode observer. In: Proceedings of the
2012 IEEE Mediterranean Electrotechnical Conference-
MELECON. Hammamet, Tunisia: IEEE, 2012. 450—454

Ahmad S, Zhang H W, Liu G J. Distributed fault detec-
tion for modular and reconfigurable robots with joint torque
sensing: a prediction error based approach. Mechatronics,
2013, 23(6): 607—616

Yuan J, Liu G J, Wu B. Power efficiency estimation based
health monitoring and fault detection of modular and recon-
figurable robot. IEEE Transactions on Industrial Electron-
ics, 2011, 58(10): 4880—4887

Abdul S, Liu G J. Decentralised fault tolerance and fault
detection of modular and reconfigurable robots with joint
torque sensing. In: Proceedings of the 2008 IEEE Interna-
tional Conference on Robotics and Automation. Pasadena,
CA: IEEE, 2008. 3520—3526

Zhu Ming-Chao, Li Yuan-Chun, Jiang Ri-Hua. Decentral-
ized fault tolerant control for reconfigurable modular robots.
Control and Decision, 2009, 24(8): 1247—1251, 1256
(R, 2ok, LHAL. WML A B, hls
Pk, 2009, 24(8): 1247—1251, 1256)

Ogita T, Yubai K, Hirai J. Construction of fault-tolerant
control system for fixed fault in a reconfigurable robot. Ad-
vanced Science Letters, 2012, 15(1): 315—320



1950 H ]|

e

¥ {1 40 %

20

21

22

23

24

25

26

Zhao Bo, Li Yuan-Chun, Liu Ke-Ping. Effectiveness factor
integrated decentralized fault tolerant control scheme for re-
configurable manipulators. Journal of Tsinghua University
(Science and Technology), 2012, 52(9): 1218—1222, 1229
(BRI, ZEoadk, R0e1. A R0 1 B 0T A HUBRES 43 oA 4 5
7. TE R (HARBEARR), 2012, 52(9): 1218—1222,
1229)

Li Yuan-Chun, Lu Peng, Zhao Bo. Backstepping time delay
decentralized fault-tolerant control for reconfigurable ma-
nipulators. Control and Decision, 2012, 27(3): 446—450
(o0, FhMS, R, nT ST UM S N S 2 RO . 1l 5
Wi, 2012, 27(3): 446—450)

Zhao B, Li Y C. Multisensor fault identification scheme
based on decentralized sliding mode observers applied to
reconfigurable manipulators. Mathematical Problems in En-
gineering, 2013, Article ID 327916, DOI: 10.1155/2013/327
916

Hu Zhi-Kun, Sun Yan, Jiang Bin, He Jing, Zhang Chang-
Fan. An optimal unknown input observer based fault diag-
nosis method. Acta Automatica Sinica, 2013, 39(8): 1225—
1230

(B3, P, Z, T, kS L. —FhE T SRR F AL &%
MRS Wik, Ak, 2013, 39(8): 1225—1230)

Frogerais P, Bellanger J J, Senhadji L. Various ways to com-
pute the continuous-discrete extended kalman filter. IEEE
Transactions on Automatic Control, 2012, 57(4): 1000—
1004

Qi Guo-Qing, Chen Li, Li Yin-Ya, Sheng An-Dong. A
bias-allowable estimator for continuous-time system. Con-
trol Theory and Applications, 2010, 27(2): 193—198
ORRIFIR, BREE, BF, B4 B8R GT I R A fl v S
FEHIELE 5T, 2010, 27(2): 193—198)

Xu Tao. Numerical Calculation Method. Changchun: Jilin
Science and Technology Press, 1998.
(1. AT KA SRR HOR IR, 1998.)

27 Pu Ming, Wu Qing-Xian, Jiang Chang-Sheng, Dian Song-
Yi, Wang Yu-Fei. Recursive terminal sliding mode control
for higher-order nonlinear system with mismatched uncer-
tainties. Acta Automatica Sinica, 2012, 38(11): 1777—1793
(FR, SRPR%E, KA, AR, £5° K. ARICAAE b2k ik
RGP Terminal S, HEML¥IR, 2012, 38(11): 1777—
1793)

B ERREERRES TREARMY
LHFFUAE. 2009 E3RAS H AR A 3K

=~ Lb 2220y, FEERIT T W S
- W75 2R AR, R RIS s A

=" : E-mail: zhaob09@mails.jlu.edu.cn
A4 | (ZHAO Bo Ph.D. candidate in the
s AR Department of Control Science and En-

gineering, Jilin University. He received
his bachelor degree in automation from Jilin University in
2009. His research interest covers fault diagnosis and fault
tolerant control, and intelligent mechanical and robot con-
trol.)

ErE  KELIRFEEH LR REER.
W7 O IR R G, B REHL
B LA AL A SRR
E-mail: liyc@mail.ccut.edu.cn

(LI Yuan-Chun  Professor in the
Department of Control Engineering,
Changchun University of Technology.
His research interest covers complex
system modeling, intelligent mechanical, and robot control.
Corresponding author of this paper.)



