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Figure 1 Types of sensor faults
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L [y = (Kj — Dzja+q;(t), Hh f; € R B SsbzmE, By, = 20 + foy. y; FIFH
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H V¢ e Qe R, S(C) = [S1(€), 82(C), - ., S ()T ARFEF W (Gauss) EHELL, H
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aji = —kjazj1 = zj1 — Tglzj,lejST(Hl)S(Yj,l) = 5 #1958 (Cpsi) s (Gpsg), - (10)
75 ps)
Bi A
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B j, 1 EH Lyapunov BRECH
Vi = —92 Le
7,1 2 ],1 + + 25]
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A, BB ERE S oy HATIER, — B IEEEs R T
Wjit1GG,i41,f + Qivty = @, i1 p(0) = a,4(0), (23)
Hrp Qjit1,f RN PET 8 %% Wy it1 Ronif A B W) Xji+1 = QG it1,.f — O, i iy, f =
it1 . i1 1 Joy, I+1) O i daj i
_Zj’:iil’ H xji01 = -2 »11 +Djiv1, K D1 ==Y, ayu)l yh —>i 251 (fjit+zjiv1)— 20, 0i-
A2,
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Vii ijlzgl + 25i%5,i+1 +ZZJZX7 I+1 + 9 [ché ?7ZST(Y})Z)S(}G11) —0;
=1 =1 1=1 "l
: Z5,1X54,1 Xzz
+ M_¢+ D +E.2_7@2
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BB j,om  IEH Lyapunov BRECH
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=1 =1 J =1 “75!
Z4,1X5,L —_
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Wyl WJJ
—_ m—1 d; r
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1 U - R 1 A dj
9 J 2 ST Y S Y —0 — 2 9 ST Y m S Y m) ] 92
- ;%?zzﬂ (Y;.)8(Y;) — ;| + 2l (Y5m) S (Yjm) 25,

+Zjm + Zim [a;w5(t) + (@5 — a;) Mm + )],

s Eim = 3 (B el ) + 3 + Sl + 540 H 25N I Young's ASESURAR, T

_ 22 A2
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RIER (13), (14) F1 (27), W15
m m—1 m 2 X2
. j 1XG,1 il -
Vim < =Y kil + > zjaXjas1 — J Y | S - S xGuD | + S
1=1 =1 1—2 Wyl Wil
b. - A ZQm 5\2
+T7j‘ 05 + 73 + ?] (28)
J
i Young’s A%, AT45
m—1 m—1 1 m 1
>z <Y 52]2',1 +> §X?,l> (29)
=1 =1 1=2
bj ~ bj ~ b
0.0, < ——L 92+ L 92 30
’I“jjj 27“jj+27"j 7’ ( )
m 2 m 2 2 2 P2
ZaXgl X Zao X xpbh om
— ==+ x;Dj1 | < - + +—= . 31
;( ij ij Xj J > Z:ZQ <2w]'71 2Wj7l 27'[j 2 ( )

Hp, > 0 FBHSHL KL (29)~(31) AR (28), IR

- 1 % 11 D3, b - d
Vim<—| kj1—= 2 - kij—=— Zim J» 2 _ 9 @2
g (“ 2) & Z(J’l 3 2w ) Gi+Es Z( 2 2%1 om; ) 91 2, T 28;

=2

EEP7Ejm:Ejm+nJ(m 1)—|— 302 /\2
HEEUR S Lyapunov lzliﬁjj

Xt v otk S, w e

j=1 1=2 1=2
bj 02 dj 02
2 g2 _ I 52 A 32
27"]' J 2ﬁj J + ’ ( )
ﬁx:qjy A:Z?Zl Ej,wr ,
% Cj =min{(2kj1 —1), (k2 —1—25), ... (ijmqu)( L 2i2) (145
2 Js m J R ,m
Pim) biody | =1,2,...,n}, K, 2k — 1) > (2kl—1——)>0(—1+ﬁ—%l)>o,bj>o,
dj>0,l:2,3,..., ,U\&C:min{Cl,Cg,...,Cn}.

626



FEBFERE BB 4

W, X (32) ATRAS R

—CV +A. (33)
WA (33) PRIl [R5 v 45
0< V(D) < Vet 2, 349

il (34) AR ARG A S SE R 2R —BEm&A 1. il 73

BRI, X (35) PN, B E RS MBS, 1 C B OREEE A BN, MIEEE RS IR ER 1% %
LI&uﬁiF\,@Wﬁ_E@L%%W.

EIRL EXF— I EA AR AR R R AN SE X AR A AR LR R 4 (1), BeiT B HEs (10),
(12), SEPR¥EGIZE (13), —PrIEsEE% (20), (23) K EIERAE (11), (14), BT EFGEHSEER AR R
G B SHE 2R — B E S, HE B R 22 S SR A I ) B .

AR DL 20 AT, B H I I 0 X 4 2 s bl IR T T E B9 61 nB0yds 1 B,

Algorithm 1

Step 1. Determine the number of neural network nodes ¢, and design the Gaussian function S;(¢).

Step 2. Based on Step 1, define the neural network WTS(¢) to identify the nonlinear functions of the MIMO systems
(1).

Step 3. Select appropriate design parameters kj1 > 0, ¢;1 > 0, cps; > 0, B; > 0, d; > 0, and design virtual control
signal a1 (10), adaptive law é]’ (11) and first-order filter (20), where j =1,2,...,n

Step 4. Provide approximate design parameters kj; > 0, cj; > 0, and design virtual control signals a;; (12) and
first-order filter (23), where ¢ =2,3,...,m — 1.

Step 5. Choose appropriate desigr} parameters kj ., > 0,¢jm > 0,7; > 0,b; > 0, and determine the actual control
signal o (t) (13) and adaptive law 6; (14) for the MIMO nonlinear systems (1).

4 HEEH
i 1. — MU 07 SR S5 SR ISAIEA SO 2 B VA A R, 5 8T =B R 4t

Tji = fii+ Tjit1s
Tjm = fjm + U,

y; = Kz + g5,

Heh,j=1,2,i=1,2,m=3, 4&@2@@& fig = 2+1O(1j$2 )+2+;21, fr2 = @121 2% 8+ Ty
fi3 = —z12(sin(13))* + 22,3 + 1+z T foq == 1;22 —+ 10(1“23) + 2+a:2 s fo2 =21%22T2 3 + ﬁ,
fo3 = —w2a(sin(za3))? + 213+ 1+$ MR RGMBHEE TN yar = yaz = sin(t).

G FR RS, L ﬁi—'{l@l’]uﬁ‘%ﬁ(ﬁ 11 = c21 = 15, c12 = 22 = 18, c13 = 23 = 0.5,
ki1 =24, k12 = 85, k13 = 100, ko1 = 18, koo = 75, ko3 = 100, cps1 = cps2 = 1.5, 1 = r9 = 0.1,
B1 =19, P2 =12, by =by =32, dy =dy =2, w2 = 0.08, w3z =001, wyp = 032, wy3 = 0.012,
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Figure 3 (Color online) (a) Output y; and reference signal
yq1; (b) output y2 and reference signal yg4o in simulation 1.
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Figure 4 (Color online) Adaptive parameters (a) 6, and
(b) 2 in simulation 1.
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Figure 5 (Color online) Dead zone input wi and dead
zone output wp in simulation 1.
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Figure 6 (Color online) Dead zone input ws and dead
zone output ug in simulation 1.
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[21.1(0),21.2(0), 21.3(0), 22,1 (0), 2,2(0), z2,3(0)]* = [0.01,0.01,0.01,0.01,0.01,0.01]T. K H &N S
HIEIRZE A 01(0) = 02(0) = 0, ©1 (0) = Oya2(0) = 0.

PR B 3~6 Fizs. Bl 3(a) BMHEST i 5S5EET ya FERERZCRE, B 3(b) £
HIES v SZHET ye FIRESCRE, B 3 1AL, Mt =20 s FFGE, REGUR LRI, A%
BE3EH 7 #AE RGNS (LLEBSL) RERFHERE: S % E5 (BEEL), LA
W77 R RGM S (EESRL) R FSH5ES (BEEL). B 4a) f1 (b) 251FRH
TERBHL 6, A 0y MImIRIEHLE, B 5 FoR REMIEX NG S o FBEXEHES o TR, B 6
FORRGHIIEX NG T o MIEIXHIHE T uo HULE. HE 4~6 FTAL 24 ¢ =20 s I, HIENZ
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Figure 7 (Color online) (a) Output y; and reference signal
ya1; (b) output y2 and reference signal yg4o in simulation 2.

150 T T T T T T T T T

100 ft !

~100H 1

~150 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50

1(s)
Elo (MBERFE) HE 2 EXHA o STEXEL w

Figure 9 (Color online) Dead zone input wi and dead
zone output wp in simulation 2.
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Figure 8 (Color online) Adaptive parameters (a) 61 and
(b) 62 in simulation 2.
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Figure 10 (Color online) Dead zone input w2 and dead
zone output ug in simulation 2.
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Ej1 =52+ fi1(z),

. u;

Tjo = j] + Aj + fj2(2),
J

y; = Kjzjq +qj,

Hir =12 4, = 2? sin(z1,2), RAMBHEETN: yar = 4sin(L) + 2sin(t),

4] sm(xz 1) A2 =
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yaz = 5eos(L) + cos(2t). B fi1(z) = fon(w) = 0, fra(z) = 22 sin(wa) + (32 — 285 sin(ay 1) +
L) gy () = 2 sin(zy o) + (22— 28 sin(a,1) + "2E=E) iy = my = 2 kg FORTERT HIAI R
&, n =10 N/m FRMERIE R, Jy = o =6 kg - m? FLREFTEIEE, b= 0.1 m FREM
MR, g = 9.81 m/s® FonE IR, L = 0.5 m FR#BER K, PANER 2 HEEEEN e = 0.4 m,
He<L.

EBOGE MBS HON: c1q = c12 = 10, c21 = c22 = 50, ¢ps1 = Cps2 = 25, 11 = 0.1, 1o = 0.01,
B =P2=8b =by=01,d =dy =1, k11 = k1o =ko1 = koo = 15, w12 = 0.01, wa > = 0.02,
My = Mo = 1000. EHOE L ERSEHIESEN: K = Ko = 09, i = ¢ = 0. EHIE 4
WX ZHON: p1r = pu = 10, pay = poy = 10, 01, = 09, = 2, 01, = 0y = 2.1. REHIEN S
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Adaptive neural network fault-tolerant control for MIMO sys-
tems with dead zone inputs

Qi ZHOU"2, Guohuai LIN*2, Hui MA'? & Renquan LU%?"
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2. Guangdong Province Key Laboratory of Intelligent Decision and Cooperative Control, Guangdong University of
Technology, Guangzhou 510006, China
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Abstract In this paper, an adaptive neural network fault-tolerant control (FTC) strategy is proposed for a class
of multi-input and multi-output (MIMO) nonlinear systems in nonstrict-feedback form, in which sensor faults
and nonsymmetric dead zone inputs are considered. Based on the backstepping method, the desired controller
is designed. The adaptive neural network control approach is proposed to handle the problem of sensor faults.
The effect of dead zone inputs on the system performance can be compensated by virtue of the boundedness of
dead zone slopes. Furthermore, the dynamic surface control technique is introduced to prevent an “explosion of
complexity”. The proposed control method ensures that all the signals of the closed-loop system are semi-globally
uniformly ultimately bounded, and that the tracking errors converge to a compact set around the origin. Finally,
simulation results are provided to demonstrate the effectiveness of the proposed approach.

Keywords nonlinear systems, sensor faults, fault-tolerant control, dynamic surface control, dead zone inputs
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