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Abstract: In this paper, an adaptive output feedback dynamic surface control scheme is proposed based on common
Lyapunov function method for a class of nonlinear switched systems with unmodeled dynamics and prescribed perfor-
mance. By designing the K-filters and the observer, the unmeasured states are estimated and the dynamic uncertainties
are dealt with by the designed dynamic signal. The Nussbaum function is introduced to solve the unknown control gain
sign problem. Neural networks are used to approximate the unknown continuous functions produced by design process and
theoretical analysis. The control issue of prescribed performance can be transformed into the stability problem by using
performance function and error transformer. By appropriately choosing the initial values of all switched subsystems and
using the proof characteristics of dynamic surface control, all the signals in the closed-loop switched system are proved
to be semi-globally uniformly ultimately bounded. Simulation example is provided to illustrate the effectiveness of the
proposed control approach.
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%1&&14&4 WX FAT R 25 5 1 1E B p AT ah 2%
M EARSTR PRV (0) < pUd %36 A2 2R(66) 0 T 3 Hcp s, 7, o, B
8 = Ukm,i — Wi = I LZAR RGP R— S S/ .

—liVkm1 + Vkmyiv1 — Wi =

Sit1 + Yit1 + i — Livg m1 — w;. (56)

B R T

Qi = —CkiSi + liVkm1 + Wi, (57)
Heey,; > 02 &iHHEL &
1

V, = =52, 58

£ 281 ( )

TR (58)K T, HE(S56)~(5T)YN, [ERSFIF Young’s
AT AT T 15
Vi, < —(cni — 2)s? + i st + iyfﬂ. (59)
Fp&Ean s — g ds:
Thi41Wit1 + Wit1 =k iy Wit1 (te0) =k (tro),
Fordr: 7 i ATEVE L By, = wipr — o, WIS

. Yit1 S

Wiy1=— . . *ETE,%‘H = Wit+1 — Ok, XﬂLyiJrl;kg*
Tk,i+1

1

Yit1

Yig1 = — — (—cki$i + LU ma + &),

ﬁfzifﬁ @ﬁnk z+1(sz+1ayz+1;0k ankvvkac,‘—'k)

)\k,m+27 €2,6,Ya, yd) yd7 P p p)ﬁﬁ/@

Yi
i1 + - = |

k,i+1
FFIH Young’ s A5

Tk, i+1

< Meigr (),
ARIATALTRR

2
Yita
Tk,i+1 4

Yit1Yir1 < — (60)

Step v T X FHONBIESIHIRZE
Sv = Vk,m,p — W, (61)
xR(61)K 315
Sy = Vg — Wy =
Vkymowt+1 — loVkm,1 + U — Wy (62)

EH?U +1>n, Fﬁuvk,m,v+1 =0. EX

1
V, = —s2. 63
= 5% (63)
BRIy
u:_ckvsv_vkmv+1+lUkm1+wva (64)

Hriey,,, > 0Bt HEL W4 &3 (62)-(64)F

Vi, = —Cro82 (65)
4 FaEtat
1 HERRQ), BREEHIEAG2)(G7), 35

2

b
Ckz 24 == e .:374a"'7va

co = min(pyy1, 22, HaVs, Ck)-
iE *xﬁmﬁ ﬁ%f&ﬁ@?'

V= V1+Z V +Z yz+—«9T9k+
Jj=2 2 Jj=2 2
1
241z
SRV TR S, K5 1)(54)(59)—(60) F1=X(65)
RN, 5

. 13
V< —(h—z)sTs—

O o0r0- (67)

(cra1— 1)7“5?—0;9,”53 —

s ’I“Qko

|D(Z,)]]? —slrwkﬁk—)\—v+
0

b2 b2

(5N (s) + 1)¢ + Tmx gy Bz

1 1
((Ck,i - 2)3? + 13?-1-1 + Zyia_l) +

S
|
—

||
— N

S

2
— ?/Hl 9 771c,i+1(')
+yi, +
i=1 ( Th,i+1 H 4
k(rs1e — 110k) + Qr(y, v) + Dy +
5 sirlle(Z)]? A
0, o( 21220 A0h 68
kol 202 Y20k.0), (68)
AT AL 1R
. 13
|4 < —(h — Z)ETE — (Ck,l — 1)7’5% +

max 1 b?nax
(chz —2— )53 —(———1-"2)y; —

)+

<.

CDI

J 4 Dy (69)

R4 Young s NS 2RI 4
_ge

—’71'§kék < + %927 (70)
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*72§1c,oék,o < *%éi,o + %9,2670. 71)

B RT0)-THRAK(69)13

V<
13
—(h — Z)z—: e—(cpa1— V)rst +
b?[lax 1 b?nax
(Ck,z—Q—T)Sz_(@_l 4 )yz_
C; vl 9 1
)\—ka — ];3 (cri— Z)sf — (epo — Z)s% -
v 1 .
Z (— = D)yi + (N () +1)s —
i=s Tky 4
ﬂgz _2pe g2 2p2
v 2.
Qr(y,ve) + > TJ + Dy - (72)
j=2

FIRTER66)xT R (72) L i
V<=V +x1+ bnN() + 1)+

Quly, ) + Z "’” (73)

Hz g

Hrby, =Y %‘9/% + ko T D

=2
ﬁD%V(t) §p, ) U\’/f%l‘iusly S2, 5 Su, Y2, Y3,
Yoy Uk, O, O 0, ¥ A S HH T o G 5, R4
K22 152, BH. s, € Lo W€ € Lo, M—6 <
5="°< 5, Fill—6p < e < 0p, € € Lo. He=y—

P

Yd, Yd € Loo, TTLATG By € L. - H(15)TT1EC, 55

A5t H T (0 5 i 4E XM RA5)H 5347

{T15

s s T4
L(s)B(s)

TL*

+ 1 d"y

T

Akji =

3 e Ua) 910 (0)+ B (s ),

HHL(s)=s"+1;s" 1+ + I, st Hurwitz Z Tiz{.

H i (V) 9r,i(Y), A (2, y, €38 9 61 R A
Tﬁii@*ﬁ’ﬂlﬁk,i(zk,yi)l < @k,z‘l(|y’) + <Pk,z'2(||2kH>s
Wiz, € Lo, y € Lo, FIHEH NG 1, Ap 2y s
AR B3 TR 10 -
Lo, [FBfvg 1 € Lo,

T
Wy = [0 Vk,m—-1,2

>\k,m+1
y Vk,0,25 Vk,0,1 €

Uk,0,2 EIf,(2) + ds;vr,(l)]’

IRy ), BT ) R SR, UL AT L Bl € Lo,
IR (S ) AT At IR

Vi< Vi + D"+ buN() + 15, (74)
PRILEATRR 7> AT 45
_ t _
Valt) <o [ (b N(S) + Dée™dr +

_ D*
Vi (0)6700t + —

Co

H | B3, Vi (1), <, jo (b N (¢)+1)¢dr € Loy,

—, ¢, N(S) € Loo, RIGHIR(S5) Wtk 1 € Lo,
Nk m2 = 22 + Yo + o1 AT HIO 1 o . XA
Yo = W2 — O 1, o:12:_£7 221727 ,'U—l,
Tk,2

FIrAws, we B F. ey s = —cpi8i+ Livgm1 + @i 7T
PTG Bl ; € Loo, 5 B THIEFERAL, 7T LAAR Bloy, 3,
s Uk imu+1s Wikl U'Ji+1ﬁ??*. w5 I 1S use A G
7'3Q(y, Uk), HE’J%B%jfﬁ@éi@ﬁ, Enk,i+1(§i+1> Yit+1,
010, Ok, Vi, G Sy Memas €25 S, Yas as By Py s )1
A, uﬁﬁﬁ/l\ﬂi%DE%iﬁﬁMl, 113

Qy, v) + z "’” < M,.
MHIAN(S),6,¢ € Lo, )ﬂﬂﬁf~4\ﬂ%%ﬂ£ﬁ§&Mg,
1530, N () + 1) < Moy, W

V <=6V + M, (75)

M .
HAM =M, +M; + x1, 5o > —, WHV <0.
p

I, TG KA LV (0) < i), VE > 0BV (t) < p,
FrLACA_ B4 O, B T RGE SH e —
HALEH TN

E 2 T HE I RS E T, BT R R BT
HYHF ZG00 LIS B A L R R BT AR &2 1
VHESZ T RGE KIITIN A2 WS R e R &
HIWMEAH ). ARAE AR VAT ol 4, AHRIY) T RS Lyapu-
nov R BUE A I Z T RGNS 4T I Lyapunov BT TIHIE.
H AR, HHFEVIT RETEEAN DS FEF TS LNESH
ST AL TR RN T RANEZE VI T, Lyapunov
BREEER G S, AT Fri@da il SR ms e 8 (R R D)
R RIFRE .
5 HEMIH

FEIX — 53 FA B 07 EL SR IR A8 SC T
FEOTVE A B, BB B AR B Sh A B %
TRARLEMED I 25t

FINT RS

Z1 = —21 + l’% sinz; + 0.5,

. 1+ 1 . 2 .

T, = Ty + sinxy + x;sinz
1 2 1+x‘1‘ 1 1 15

Ty =u~+ xySinx; + 233? + 0.5sint + zyx1,
Yy=2a.
F2NT RS

Zy=—zg+a] +1,
3

T —xy . 5 .
sinx; + &7 sin 2y,

T =T+ —
1 2+1+$1
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Lo = U+ :U‘I‘ sin xf + xf sinxq + z0e™ 1,

Y = T,
HUHAEBHIIE: yq = sin(0.3t) x sin(0.6t), FikPERE:
§=02,6=0.2 p(t)=09e % + 1.
XA RGNS HL:
Cr1 = Cro =060, 7,0 =0.001, £k =1,2, ¢ =1,
w1 = p2 = 0.02, 71 =72 = 0.01,
ML RZ% T AN 10,

. My,
Mkyij = 2 X (J—f); br,i; = 1,
j=1, My, i=1,2,k=1,2.

WRAEYME S 5i%EE 2 (0) = [0.03 0.02]"52(0) =
(0.2 0.2]"F 4, 2(0) = 0.1,5(0) = 0.1, Ky
B NE. JiaE R InE -6,

B R S WA £ Bz (0) = [0.03 0.02] i [ ER
EREE R, B2 R AE A R S50 T CRRIRES W E B R
Hz(0) = (0.2 0.2]" WAPFELER, WG H4HIE
i 85 i A, R ARER T B AR AT R RO AT i BR i
HASE A, I3 W BT T 1Y) [ 3 R T SR R

HtR R G R A IR FRR S TERE SR S TERE. B4R
P w AR

y9 yd

t/s

K1 #ME(0) = [0.03 0.02] Ty oy ARSIy
Fig. 1 Output y and desired trajectory yq when the initial value
is 2(0) = [0.03 0.02]T

ya yd

K2 WME2(0) = [0.2 0.2) TIF % oy AT BTy
Fig. 2 Output y and desired trajectory yq when the initial value
is 2(0) = [0.2 0.2]%

537 %

0.2 T T T

0.1'l ¢ ~oohomohk
\v

» M

/

-0.1H ]
|

_02 1 1 1
0 5 10 15 20

t/s

K 3 ERERRZ e, B LSRR S
Fig. 3 Tracking error e and prescribed upper bound and lower
bound

30 T
20 a

0 5 10 15 20
t/s

K 4 fEfilu
Fig. 4 Control law u

BSERIE B D)5 5. 54k, 53R [3014%
7 AL, ASCH L& T AR BB I, BT LL =
A5 FH SCHR [30) A2 7 ST AT R GEdE AT
I, BRERSE RNl 6o, I tmT LA s 07
SN BOR IR R R 72 HH I (8] B

3.0 T T T
2:5 4

SN

1.0

o ()

05 7

1 1 1
0'00 5 10 15 20

t/s

K5 U5 So(t)
Fig. 5 Switching signal o (t)

A3 AVi(a1) =052, Va(zo) = 0.523, KRG
Vi =213 = z1(—z1 + l‘% sinzy + 0.5),
Vo = 2939 = zo(—z2 + x% +1).
HRHE Young's A& 2 rT 1
Vi< -2+ iz% +af sin2(:v1) + iz% +0.25 <
—V} + 2.527 + 0.625,
1

Vo < —23 + zz% +ai+1< Vo + 1121 + 1.5
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T2, B [2] NARENDRA K S, BALAKRISHNAN J. A common Lyapunov func-

Bra(lz1])=0.521, Bra(|z1])=1.527, Ba1(]22])=0.523,
Ba2(|22))=1.523, v (ly))=2.521, 72(ly|)=1.121,
c1=ca=1, d1=0.625, do=1.5, ¢ =2c2=0.6 € (0,¢1),
1 (lyl) =2.521, F2(|y|) =1.121,
WBk 1 (125]) < Vie(Z1) < Br 2|2k ) BV < —eVie + vk (Jyl)
+dp, k= 1,2, R4 FIR TR RN, AR BRSNS L B3 AN
FIERLI A, Rk, 2GBTS E SN
b1 = —0.6v + 2.521 + 0.625,
vy = —0.6v2 + 1.1z7 + 1.5.

A4 ERRGEIASCRAR KR, BT RGN
ARIERBNAFEAFIR, YER T AR, BRI, AiE AN
NS T AL B R BRENAS, RIS 53 73K F S R B w22 o 45
ARFPAEGHATIELL. AL BT BRI 1 2R G0 R )
AT R R S P R B IIE S % T R Gt e
AT AR 25 S0 5 R bR K P AR B R EARLR], BT DA RT DA 2
AR L AN 2 s RIS 2 e AR O BRI

_1.0 1 1 1
0 5 10 15 20

t/s
Bl 6 X bzl 7 2P0 o th oy AR B2 y g
Fig. 6 Output y and desired trajectory y4 of the compared con-

trol scheme!

6 ZE
AT T — R EA RSN ST RE 4
R AR 2R P ) e 2R G PR B 1) R S T
el 42 1) o LA T Mg R s e 1 R, B I B B v
AERIFPRE, SIS 5 RGBS A
7€ PE. FI| FH Nussbaum & 2P i il o R G538 2 77 5 R
SR ) R [T SR P Bh S T P2 7 v, 8 4 7 0 B AL
PEHR IR RS, IR T SHO AR 8 5
Je k. [l 7E A $ELyapunov B 50 355 1, ZhASTH
J7 A4t BEAN T R GBI D) e 2 G 1 s 1k AT
B AN M L, I BN TR A S AT AR,
BT ARIE R GRS 4. B 07 B4 RIATE T 5 %

R R

SE3Hk:

[1] LIBERZON D, HEPSPANHA J P, MORSE A S. Stability of switched
systems: Lie algebraic condition. Systems & Control Letters, 1999,
37(3): 117 - 122.

tion for stable LTI systems with commuting matrices. IEEE Transac-
tions on Automatic Control, 1994, 39(12): 2469 —2471.

[3] CHENG D Z. Stabilization of plannar switching systems. Systems &
Control Letters, 2004, 51(2): 79 — 88.

[4] NIUB,LIUL,LIUY Y. Adaptive backstepping-based fuzzy tracking
control scheme for output-constrained nonlinear switched lower tri-
angular systems with time-delays. Neurocomputing, 2016, 175: 759
—-767.

[5] ZHENG X L, ZHAO X D, LIR, et al. Adaptive neural tracking con-
trol for a class of switched uncertain nonlinear systems. Neurocom-
puting, 2015, 168: 320 — 326.

[6] NIU B, LI L. Adaptive neural tracking control for a class of switched
strict-feedback nonlinear systems with input delay. Neurocomputing,
2016, 173: 2121 - 2128.

[71 LONG L. Multiple Lyapunov functions-based small-gain theorems
for switched interconnected nonlinear systems. IEEE Transactions on
Automatic Control, 2017, 62(8): 3943 — 3958.

[8] LONG L, ZHAO J. Decentralized adaptive neural output-feedback
DSC for switched large-scale nonlinear systems. I[EEE Transactions
on Cybernetics, 2017, 47(4): 908 — 919.

[91 CHARALAMPOS P B, GEORGE A R. Prescribed performance
adaptive control of SISO feedback linearizable systems with distur-

bance. Proceeding of the 16th Mediterranean Conference on Control
and Automation. France: Ajaccio, 2008: 1035 — 1040.

[10] CHARALAMPOS P B, GEORGE A R. Robust adaptive control of
feedback linearizable MIMO nonlinear systems with prescribed per-
formance. IEEE Transactions on Automatic Control, 2008, 53(9):
2090 —2099.

[11] SHAO X F, TONG S C. Adaptive fuzzy prescribed performance con-
trol for MIMO stochastic nonlinear systems. /EEE Access, 2018, 6:
76754 - 76767.

[12] SHI W X, LI B Q. Adaptive fuzzy control for feedback linearizable
MIMO nonlinear systems with prescribed performance. Fuzzy Sets
and Systems, 2018, 344: 70 — 89.

[13] ARTEMIS K K, GEORGE A R. Prescribed performance output
feedback/observer-free robust adaptive control nonlinear systems.
IEEE Transactions on Systems, Man, and Cybernetics, 2011, 41(8):
1483 — 1494.

[14] ARTEMIS K K, GEORGE A R. Adaptive dynamic output feedback
neural network control of uncertain MIMO nonlinear systems with
prescribed performance. IEEE Transactions on Neural Networks &
Learning Systems, 2012, 23(1): 138 — 149.

[15] SUIS, TONG S C,LI'Y M. Observer-based fuzzy adaptive prescribed
performance tracking control for nonlinear stochastic systems with
input saturation. Neurocomputing, 2015, 158: 100 — 108.

[16] LI Y M, TONG S C, LI L, et al. Adaptive output-feedback control
design with prescribed performance for switched nonlinear systems.
Automatica, 2017, 80: 225 — 231.

[17] WNAG M, ZHANG T P, SHI L H. Adaptive output feedback con-
trol for systems with time-varying output constraints and input sat-
uration. Proceedings of the 36th Chinese Control Conference. New
York: IEEE, 2017: 3325 — 3330.

[18] JIANG Z P, PRALY L. Design of robust adaptive controllers for non-
linear systems with dynamic uncertainties. Automatica, 1998, 34(7):
825 — 840.

[19] TONG S C, LIU CL, LI Y M. Fuzzy-adaptive decentralized output-
feedback control for large-scale nonlinear systems with dynamical
uncertainties. I[EEE Transactions on Fuzzy Systems, 2010, 18(5): 845
- 861.

[20] CHEN T S, HUNG J. A small gain approach to global stabilization
of nonlinear feedforward systems with input unmodeled dynamics.
Automatica, 2010, 46(6): 1028 — 1034.



828 7w w5 N H 374
[21] XIA X N,ZHANGTP, Y1 Y, et al. Adaptive prescribed performance [29] ZHU B C, ZHANG T P, AN Y. Robust adaptive control for a class of

[22]

[23]

(24]

(25]

[26]

[27]

[28]

control of output feedback systems including input unmodeled dy-
namics. Neurocomputing, 2016, 190: 226 — 236.

HOU Y X, TONG S C. Adaptive fuzzy output feedback control for a
class of nonlinear switched systems with unmodeled dynamics. Neu-
rocomputing, 2015, 168: 200 — 209.

ZHOU W L, NIU B, XIE X J, et al. Adaptive neural-network-based
tracking control strategy of nonlinear switched non-lower triangular
systems with unmodeled dynamics. Neurocomputing, 2018, 322: 1 —
12.

XIA X N, ZHANG T P. Adaptive output feedback dynamic surface
control of nonlinear systems with unmodeled dynamics and unknown
high-frequency gain sign. Neurocomputing, 2014, 143: 312 — 321.
YIN S, YU H, SHAHNAZIR, et al. Adaptive tracking control of con-
strained nonlinear switched stochastic pure-feedback systems. IEEE
Transactions on Cybernetics, 2017, 47(3): 579 — 588.

NIU B, LI H, QIN T, et al. Adaptive NN dynamic surface controller
design for nonlinear pure-feedback switched systems with time-
delays and quantized input. [EEE Transactions on Systems, Man, and
Cybernetics, 2018, 48(10): 1676 — 1688.

NIU B, WANG D, LI H, et al. A novel neural-network-based adaptive
control scheme for output-constrained stochastic switched nonlin-
ear systems. [EEE Transactions on Systems, Man, and Cybernetics,
2019, 49(2): 418 —432.

LIN W, QIAN C J. Adaptive control of nonlinearly parameterized
systems: The smooth feedback case. IEEE Transactions on Automat-
ic Control, 2002, 47(8): 1249 — 1266.

switched nonlinear systems with unmodeled dynamics. Proceedings
of the 10th World Congress on Intelligent Control and Automation.
New York: IEEE, 2012: 2636 — 2641.

[30] TANG L, ZHAO J. Neural network based adaptive prescribed perfor-
mance control for a class of switched nonlinear systems. Neurocom-
puting, 2017, 230: 316 — 321.

[31] REN B B, GE S S, TEE K P, et al. Adaptive neural control for output
feedback nonlinear systems using a barrier Lyapunov function. /EEE
Transactions on Neural Networks, 2010, 21(8): 1339 — 1345.

[32] SONTAG E D. Mathematical Control Theory in Deterministic Finite
Dimensional Systems. 2nd Edition. New York: Springer Verlag, 1998.

e A

MBERR  BERE YA, SRRSO [ EE R L AR,
E-mail: slhyzu@163.com;

R L, H, AR, B AT RS A& R
R4 B E  R RE I ) B Al 28 1 4 1 <6 A 7 L AF, E-mail: tpzhang @
yzu.edu.cn;

Hper L, @180, Hil EENF LR RGENE R HERE
il B RE 2 ) S AR L AR L 4% ) 2 F 7T T4, E-mail: xnxia@yzu.

edu.cn.



