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Event-triggered and command-filter-based backstepping control for a
class of uncertainty nonlinear systems

LIU Jia-peng"2, YU Jin-peng™*t, LIN Chong"

(1. School of Automation, Qingdao University, Qingdao 266071, China; 2. Shandong Key Laboratory of Industrial
Control Technology, Qingdan University, Qingdao 266071, China)

Abstract: The tracking control problem for a class of uncertainty nonlinear systems with strictly feedback is studied.
Different from existing researches that using the adaptive neural network technology to handle the unknown functions,
this paper introduces command filters to deal with the system uncertainty. Virtual control signals are designed via
backstepping and an auxiliary equation is designed to construct the final control function. And then, the event trigger
mechanism which can guarantee the system stability is used to decrease the update frequency of the input signal. Finally,
a simulation case is given to illustrate the effectiveness of the proposed event triggered backstepping control scheme.

Keywords: backstepping control; command filter; uncertainty; nonlinear system; event triggered

0 5 T

i A VI ARV N TRl v R g
B B2 T U3 b 5 S b A L, H e T A
Pl R R G SEUN “ T e 1 L A A
. 7 4288015 W 1B 3. 2000 45, fir A S8 S 25 1
H Farrel 2502 $5 34k i F T — 28 LA 77 % 2 R 11
Lk 5 G ) S UL i 2 oh . Dong 26131 Ky 1
P EAT AN B H AR LM R G S W ) R R 1
T A A IE R B B, Yu 254 i R R
BHLR G T R a2 B R
VR B TS A AR et R GE U T A A IR R b B
98 JYIIT, Zheng ZE05) 45 £ {3 N0 26 I 4 A, 42 1

Ytis HEA: 2021-02-04; FF HHEA: 2021-07-29.

TR iy A IR S D R G, 125 VE i
B MR, BRI T e 28 BT DL R FE I 2
HURERMET. I SRR P g, I B AR FORIET
&, PR OAE AT DA R AR M R g
(RIANGf R B B R, Bk AR T R Gyl 4544
18 S RGE MY, R A M) 2 TR S T SR D A H A% )
R R, X T RN AR BE A AR S, HE IR T B
BEFIAT B, P A1 iy I8 S5 20 4 ) SR 55 S IR 6
FHR A B AR SE B R HET B

MR, AR B Bl A A B L RE % D A IR 42 1
FRE S AR LB R, 2 2 TN R
ZRER, Li SR 00 B T H AR IR HOR, B xR A

HEWB: P EE L GFREESTE (2020M67199); [EZK BARIEIEETE (61973179); F 51 E St &k L0
(21-1-2-6-nsh); LI &R B ARE LT H (ZR2020QF063).

RIERE: GioL.
TIBIRfEH . E-mail: yjp1109@hotmail.com.



2734 # % 5

xR ¥37%

AR B E IR ME R G IR T R R
PRI 45 1 3 A% ) SR 38 R S A R &
[ SR, A RLRAR 7 RGeS S8 (5 7 4H. Brunner
SR — SR BATREN LI BN BL SRS 32 PR 1 2 kb
ARG JE T — P I TS SRSl & R T
A S I R 3E X W ) S R AR A FE R IR R
Grid (s FUH I R ERIE 7 RS LR

BT AT T HEF B BOR, B0 2KAA
TR AT E AR LN R 4, 3R AR R A 4
PR P ) SR, R 0 M IR R G ARE 1. i)
L FOE FCIRAIE 1 P 4R A A S (A . 5
U WEFUA B, AR S ERHT Al T 1) S St dr &
PR P ) SR 23V AR B, A5 i B U AR AL BE AR
gt b AR A AR LN bR K, R IB R A A BT RE R T
L S A 1) AR A 3 TR X £ R0 R 2) 5 O AR R 2 A
R GUAPLZE I 28 R BRI AR LE, B Hh i) 42 ] SR
i BB A B S B D, B T 4256 S 808 €
JE.

1 AR
95— REA T A E F R R S
&; = fi(Zi) + 9i(Ti)iv1 + i, (1
Tn = fn(2) + gn(@)u + dn. 2)

H o RESZE N, = [11,..., 2, REEHIA N
w, RGN E = [x1,..., 20 = 1,2,...,n — 1;
fi(@:) A fo(2) & G0 A R 26 R 2K ga(20) 0
gn (@) NA G 81 R AL, d; M d NRFEIH), n N ARG
ML REVIIRE N vo = 2(0). J T T HiR, R4k
fi(@) M fo () 53 BCAE f; 7 £, RER gi(25) F g (2)
53 e g fll g,

ARSI AR v B K2 438G ZOH % 2 0 25 il 4
MNE T u, FRIUE R Gifi oy BB SRR A €55
T q. [V BETH A fid R B, 7E PR AIE 2R G A8 E PR R R
PN, B AR FE MR B SR, 1 A P, 4
.

i1
IR,

Big2 xtFi=12...,nREMR KLy #
0, H g;~ g Fl g J&ESE CRIRIG T,

ARG — R, Bt g > 0. RGBS~ fi UK AR
GiREN d;  d; RS RAFIA T

—Brar SUEP BT XN = —w (2 — 2). K
w N IE T H, 2 IR AR RN, 2 BB AR RS
B, 2NN B, S MR ST BYIHE N
Zo = 2(0). fir 2 YEPaR HIVEST 91 B 1 45 .

SIFE1US X Tyt = —w(z - 2),
HRING S 2 U 2 2B HA R WX TEES
M IEH ey Mep FAEIEF B, Hw > o I, 2
12— 2| <&, |2 — 3| < &. Hda, = max{eq, £(0) —
2(0)}, &, = max{e, 2(0) — £(0)}.

2 Rl

BT VR OB VR R, T8 SRR IR ZEN 24
=21 — X, % = X — 1. FHF i =2,3,...,n,0
NAR G R . A A5 ) B i B AR TR R,

step 1: REFIR 7 20 BN 20 = g + f1 +
dy — &q. ER B LA f1 4 dy BT AR, K
TIE AL G S AP MG SR o 5
SCHR [41 R FH B 3@ SASHE R G hi) S HOR I P R
Gr AN 8 WA [R], A SCHE T SCHR [51 7732, B FH i 208
WA AT E R AL 1+ da. 2 2 IR A E SN
b=~ (51— 21). HoF 2 N A TEER N, 21 N
i A VRN AR AR &, 2 i A TR A I S 5, o
HIETHL & iR F ey Ney = 41 — 21,10 WTRRA

b=z +er=qima+ fi +di — g (3)
XTI T RS, € L Lyapunov IR EUCRN V= 23/2.
H = (3) AR 2% 21 B5E X, AT 15

Vi = 21(g122 + g10a + % — g1x2 +€1). 4
Fa it R AL 1 2 o

ar = (—kiz1 — 21 + g172) /1, (5)
Hodr ke NIEHEL ¥R G) RN @), i1
Vi = k122 + 12125 + 2161 (6)

stepi(i = 2,...,n — 1): X THiNF RS, EH
A IR A AL B IR R R 2 5 2. ZIEWE AR E LN
éz' = *’wi(éi — Zi). quiwi ﬁﬁﬁﬁ, Z; %YE&%&E@
e = & — 4. 5 X Lyapunov i £ V; AL HAF ] o
A

oy lagle ™

T =t a9

a; = (—kizi — 2 + gi%is1 — gim12i-1) /91, (8)

WV TR RN
Vi = Z (*kaf' + zj€5) + gizizit1- C)
=1
step n: A ERERIRZE 2, 5K T, A1 15

T A 4 dE A B R E S S 2,0 2, =
_wn(én - Zn),ﬁqun y‘jﬂiﬁi& i%%fny‘j&'n =



%101

XAl . — R TH R AE &t R G0 B IR G A TR R 45 4 2735

b — 2 TERE BB 0, GR®) & A 20 T,
&G (1) F Q) N B R A n by, MEFE 2 AN T R4
TG VE A R AR D BRI KR LA 2 o, A TR
IR, 8 SCHBh T FR AN R

b= —ky(v — W) — gn2zn + W, (11)
Hk, AIEEE. 2 PR = [z, ], BEw e XN
- (_knzn - én + gnl — gn—lzn—l)/gnu (12)

Horbk, NIEH L B w NI A 2 I8 A

N

W= —w, (W —w), (13)
Hrh o, NIEHHL REe, E L Ne, = 0 — 1.
FEFHAFIRBIHLH], Wit Bl # u(t), B

u(t) = v(ty), t € [te, thy), (14)
tar = inf{t > ti|le(t)] = yu(®)| + o}, (15)
tA2 = tmaxs (16)
te+1 = min{ta1, tas}. 17)

He:mZNe(t) = v(t) — u(t),y o NIEFEL,
I 18] o IR B, 0, NS B RSB IN 2,k =
2, ARBLE = 1Rt = 0. BIFERTAR I %1, R 4
Pl A w22 S — k. B0 (17) BT AL, SR AR ik R
A 1) I P e RIS B A e
3 RGBT
EIE1 FEIELMERSZ (1)), kI (14)
DL R H A Al R LA (15) ~ (17) BIPE T T, #5228 x (1)
W2 x(t) € 2,(92, ﬁ*?ﬁﬁﬁﬁ@%%),mﬂﬁéﬁiﬁﬂ
z1 ] A AR ER 25 B A5 5 2q, I H il % Zeno 17 NI
KA.
UER  UERHERE 2 3884, H AT Hu(t) =
o(t) I, AR RFRIRENE RIG Tt € [th, trsn) BT
M RG G u(t) = v(ty) FRIRREHE; &EIE
BH P P S Al i 428 1) 2% B8 06 £ Zeno 1T A
1) 5& X Lyapunov B N

Vs = Z —22+ 2ZU7
Hz, =v—w. Ehzt(f;) (11) ~ (13), 7115
Vi = Z
2o (—kpzy — gnzn + W — w). (18)
M RG AR u(t) = v(t), Rzl LLE S 77 5
S, V, WAL N

Ve= Z

]{IZ +Zz€z +gn 1%n— 1Zn+

—k; z + zig) kzvzg + ZyEp- (19)

RHTUEWREE e, (i = 1,2,...,n) LR e, FE7E b
R 5 W2 =21 —2q,%1 = f1 + G120
— g, 21 = fl +91(f2 + gaws) — Ea. R IR
2 A TAER (1) € QWS B AL
1] < Bulaal < B lal < 81 ST RTRL AR CE
—ER B, L] < 1. BT AELE— IF H M
A leil < & MR 5
12 + 15

5E0
ﬁﬁu%T%Tﬁ

V. <

1, 1,

2
2i€i & Zp€y & EZ” + 5%-

(20)

ﬁ(ﬂ»ﬂﬂﬂﬂﬂ‘@(t) < —a1Vi + by Hia =
min{2k — 1,2ky — 1,..., 2k, — 1,2k — 1},b, =

Z;a-f 1—2 V() > by /ay B V(D) < 0,8
(20)1%‘:&7!@11 R HIRSIE.

2) AT RS E IR (14) T IR e . 2
t € [ty togr) W, V. AT R A

Vi (x(tr)) Ox(tr)
ox ot

Vs (x(t)) Ox(t)
ox Ot lut)y=v(ts)

OVs(x(tx)) Ox(ts)
ox Ot lu@®y=v(t)

TV, RS LR RS fi, g1 X € 02, 11
Ja# Lipschitz £, X TAE R x(¢), x(tx) € $2,, FELE

Vi(t) =

u(t)=v(ty)

2D

AN EHE L
[ACILXOI
Ox X lutty=o(en)
OVs(x(tx)) Ox(tx)
o0t el S HIXO X
(22)

B (17) 051, At = tyq — tp FEAEE P bax. H
TRREL i~ g FIESEME DL Koo () A FME X TR
X(t), x(tx) € 2, AFAE—ANIEFH M i 2

Ix(t)
ot lu@y=v(ty)
Ix(®) = x(te)l] < M(t—t). (24)
¥30(22) ~ QH RN 21), ATH
Vi(t) <

(23)

> (—kiz} + zi6:) = koz) + 280 + LMtmay. (25)
i=1

A1, A RANEE 3, 20 (25) AT



2736 # % 5

xR ¥37%

Vi(t) < —asV; + bo. (26)
H:ay = min{2k; — 1,2ky — 1,...,2k,
= 1—2 1—2 78 3
1}, by = Z 58 + 580+ LMtnas. i 3% (25) AT 75, 38
SUBTEE 2oy E‘E’Jufr’%iﬂlk Koy~ o, 1] EURIE R GUER
BFRZE 2 T IR AR — S 08N SRR, 8 B4

.QZ:{Zl,...,Zn,ZU|‘/S<C1}. (27)

1 1 1
Hrdie, = (n+ 1>maxxegx{§zf,...,§zg, 52’3}.

i1 (26) 7] 15
b2 7a t b2
Vi(t) < (V;(O) - a—) 2 + —=,t>0. (28)
2
L (0) € Qz,)ﬂﬂﬂﬂiﬁ(ZS)Tfﬂ‘
Vi(t) € £2.,t >0, (29)
W2, AR, ELEE DN

2y, = {X’%(ﬂﬁl - «’Ud)z + %Z (m; — Oéi—l)2+

%(v —w)® < cz}. (30)
BT BRI H x(0) € 2, A&y s s K4k
Q.. HEFIQ,, C 0,02, NTBE.
3) XFFVE € [ty, thyr), He(t) E 15
| )] = g vet) -elt) <o) < B, GBD)
/\Efﬂﬁvjjv( VLS EREIL = t i, et(t,) = 0.
HEENCINEIE
tri1 thg1
el < [ elar < [ Budt < Bultis — ).
(32)

— 1,2k, —

E‘CLQ bQ/Cl

SR MAWN R IEE]
Yu)| +o
Bo
3 (33) I AR ST 8 1F T4 DI 2 428 1) e B 1)
Mty — t AAE— N EE I AL, MOz il e
Zeno AT NHIRAE. O
4 fHEIIE
B ok — Fob i TR 1 O R B ML O Bl ML AR R
2 JF f A B AT, B UE BT B H 4 ) S R 1 A Rk
YE. Z RGBSR

lpt1 — t 2 > 0. (33)

. B
sinx] — —=x9 +

Ty =12 +dy, ) D D9€3+d2,
y —»Agéiﬁ 4,£? 4+4g 4,d
T3 — I X L$3 I 3.

Horp oy NETEHRBIHLANLE, xo N ELT HEBHALAA
JE, x5 2 BB AL H AR B, w A LB AL SN LR, 4
oy NRGHH, u NRGRN, di~ do Flds ARG
Z). 2% D M L 18 5 3 9 0.0642kg-m-A/N F
0.0025H. RGEHAMSH LK di\ do I dy 7R

ENE. AR ST B AR N 1Z R G oy 7T LA
RUREME T wq, BRERE 5 WEME N 2g = 0.15in(0.21).
KR EA, RGAH K S H] 27 3R [12]. RGiA)
EHBEE Ny = [0,0,0], v(0) = w(0) = 0. F&HI %
BHEENE =k = ks = ky, = 10,0 = @y =
w3 = w, = 300,7 = 0.003, 0 = 0.5, tyayx = 0.2.

K1 ANRGRES B R 21 w0 K ws 16 HTHE H 21
BRI ZE. RS H T SRR
A 2R AR ER R 220 A2 |21 — 24 < 0.002.

1|:|j3517d

S 0.1f
s —
5 o/—\ /l
< 0.1t , — e
10 20 30 40 50
t/s
0.2
o
E
" 0.2 -
0 10 20 30 40 50
t/'s
0.5
<
~ 0 ~
=
0.5 - . -
0 10 20 30 40 50

t/'s
%1 ?‘@E'{k ey xi T1vT2+T3 xﬂf.ﬁﬂ@%

2 O 28 42 o i N o 24 LR i R A2 ek 1] 1)
B P 5 SR [13) 42 A5 5 1 F S se 5 sUAN ],
JIT 4 42 ] S 2k 1 S 5, ISR ) ZOH S35
A AT EUE Y, st 0 S AL AT BLA 2RI
2 Al R BT A .

2 /\ \/\\\

HMNES fih A A I 17 4

*10 0.10
:}éhﬁwﬂﬁhfl 0-05 |‘|M Hm\ Il b ‘|

24.6 25.0 242 246 250

(=]

|
l\)

YN =YY

|
4;
[\
hls
(38

0 10 20 30 40 50
t/s

B2 AREGITHIET RIS A& B4 E B

N T AR W T H A ) SR S A AU B N A
A PEW SO EIE BRER FOR | 13 A3 SR I 25 7
T ) 5 [, 45 R 58 (34) ~ (36) TE LI S /E R
7 A5 IR B Z 50 2R G SR R T R B0 % 0 v
RURRHL. EHI 3R SHORE Nk = ko = k3 = 20,01 =
wy = 300, = [-5,—4,...,4,5|T,i = [1,2,3,4,5],
rr =19 =13 = 0.5,l1 =1l =13 =0.001,m; = ms
= my = 0.1 WU P H| 88 7 28t i S H0b
TAL G SRng. 183 ARSI RGURER R
72 2y W2k, 07 B 45 B B R AR SO 3 4% ) 2 BR B RG



%101

XAl . — AR AE LN A G E IR & A TR R R T 15 4 2737

FEARL T A% SR AR 3 0L iy 2 YB3 SO VAP B 3
23 i) SRS G Ot O N A B T Bl A M R SR R
SR [13]1 2% T Lyapunov /73 E BT 1 o-1B 20 H 3E N A,
TE1Z B & AR T, BORE R S A B T 5 )
— MBI T AN T SR DR, B 4 &
G038 1T % 22 ORI P AR A ) SRR A T A A
T A PR o AL BE 2R 48 1) AR N AR S 1 R B, WO HH A
1) S IR AR 1A% G2 HOROR 1 38 1 iy 2 B IR S AP Tk

; — AR
g 6r . L
g W R e
0.-'
0 10 20 30 40 50
t/s
B3 EREIEFIETHRZRERE 2 fhzk
5 4 »

ASSCRE R — A M B AN E AR LM &
g, Pe 1R A 0 A B fi & B8 S D FE R 3R
W M) FH iy - i VB A A B 2R Gt v AF AR R R AR 1k
PR A R T BT R T R G iR A P A
36 DR £ 1) R, SN S i R AL o) S B4 45 5
S, A g MR A R Y, P 48 Hh i & I S 1 il 3
W% ) DL BR IE P A 2 G ) A € 1, T 38 e Zeno 1T
H . d e A AT A SR AR W T A L 4 ) S T LA
SCILAR e O 25 8 15 5 IR ER, I A B sl

SE 3 H#k (References)

[1] Li Y X. Finite time command filtered adaptive fault
tolerant control for a class of uncertain nonlinear
systems[J]. Automatica, 2019, 106: 117-123.

[2] Farrell J A, Polycarpou M, Sharma M, et al. Command
filtered backstepping[C]. American Control Conference.
Seattle, 2008: 1923-1928.

[3] Dong W J, Farrell J A, Polycarpou M M, et al. Command
filtered adaptive backstepping[J]. IEEE Transactions on
Control Systems Technology, 2012, 20(3): 566-580.

[4] Yu J P, Shi P, Dong W J, et al. Observer and
command-filter-based adaptive fuzzy output feedback
control of uncertain nonlinear systems[J]. IEEE
Transactions on Industrial Electronics, 2015, 62(9):
5962-5970.

[5] Zheng X L, Yang X B. Command filter and universal
approximator based backstepping control design for

strict-feedback nonlinear systems with uncertainty[J].
IEEE Transactions on Automatic Control, 2020, 65(3):
1310-1317.

[6] WangM, Wang Z D, Chen Y, et al. Observer-based fuzzy
output-feedback control for discrete-time strict-feedback
nonlinear systems with stochastic noises[J]. IEEE
Transactions on Cybernetics, 2020, 50(8): 3766-3777.

[71 LiY M, Li KW, Tong S C. Adaptive neural network
finite-time control for multi-input and multi-output
nonlinear systems with positive Powers of odd rational
numbers[J]. IEEE Transactions on Neural Networks and
Learning Systems, 2020, 31(7): 2532-2543.

(8] RF5E, AIOL. —RA I E B W B A1 E 2k

PV & G A 3z 1 (7). 42410 5 k36, 2016, 31(8):
1407-1412.
(Song X L, Yu L. Optimization control of a
class of switched linear uncertain systems driven by
uncontrollable discrete-events[J]. Control and Decision,
2016, 31(8): 1407-1412.)

[9] Gk, TKELEA, EALRE. T E AR I TN B BR

T A R TR0 4 ) 0], 4 0 5 TR SR, 2019, 34(11):
2421-2427.
(Zhang H, Zhang H M, Wang Z P. Event-triggered
predictive path following control for unmanned
autonomous vehicle[J]. Control and Decision, 2019,
34(11): 2421-2427.)

[10] LiY X, Yang G H. Model-based adaptive event-triggered
control of strict-feedback nonlinear systems[J]. IEEE
Transactions on Neural Networks and Learning Systems,
2018, 29(4): 1033-1045.

[11] Brunner F D, Heemels W P M H, Allgower F. Robust
event-triggered MPC with guaranteed asymptotic bound
and average sampling rate[J]. IEEE Transactions on
Automatic Control, 2017, 62(11): 5694-5709.

[12] Wang N, Tong S C, Li Y M. Observer-based adaptive
fuzzy control of nonlinear non-strict feedback system with
input delay[J]. International Journal of Fuzzy Systems,
2018, 20(1): 236-245.

[13] YulJ P, Shi P, Dong W J, et al. Command filtering-based
fuzzy control for nonlinear systems with saturation
input[J]. IEEE Transactions on Cybernetics, 2017, 47(9):
2472-2479.

fEE BN

XA (1990-), 55, RI#EZ, w4t WEE AR
RGUEAF BN IR HR RG T Be w550 5T, E-mail:
876042121 @qq.com;

TeME(1978—), 5, #dZ, A3, SR RedE]
LA B R G 3 H 2R 5T, E-mail: 1jp1109 @hotmail.com;

PR (1967 ), 5, %, LA S0, W RGAE T
EEE SIS 2R 7T, E-mail: linchong_2004 @hotmail.com.

FALtR A



