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Auto Disturbance Controller of Non-affine

Nonlinear Pure Feedback Systems
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Abstract In this paper, a novel control approach based on
the combination of back-stepping design and auto disturbance
rejection is presented for a class of non-affine nonlinear pure
feedback systems with modeling uncertainties and external dis-
turbances. During every step of back-stepping, the auto distur-
bance rejection control is adopted, meanwhile, a differentiator
and an extended state observer (ESO) are respectively used to
estimate the virtual control of the derivative and the unknown
part of the system. It is different from other existing meth-
ods, which employed approximation theory to directly construct
the controller for the non-affine nonlinear systems. The design
procedure of this proposed scheme is not complicated, and the
input to state stability (ISS) analysis shows that the system
states can asymptotically converge to an arbitrarily small region
of the equilibrium point. Several simulation examples illustrate
the effectiveness of the proposed design.

Key words Non-affine pure feedback, auto disturbance rejec-
tion, extend states observers (ESO), track differentiator (TD)

Citation Cheng Chun-Hua, Hu Yun-An, Wu Jin-Hua. Auto
disturbance controller of non-affine nonlinear pure feedback sys-
tems. Acta Automatica Sinica, 2014, 40(7): 1528—1536

AR, BRARLNE R G BT )5 R 1 % [ 2
FH Tz R, I VR 2 SRR R, (H2 K2 5wt
FUSRA AT X7 B AR GE, QA 323 JLAAT ) Se it e e AL
S WP RN o B 8 (1NN PN a7 Wikl I (1D | B Vi o
AL RGERIWEIT, ) S A2 AN s BBk Ak, BT
RO EP RS RS, MRS WERASH
ABeFITS BORA IR . X — LA X A 07 5 B R SR
THIT, FEANRRIR AT B AR B R G .
Wk H M 2013-02-05 s H M 2013-10-16
Manuscript received February 5, 2013; accepted October 16, 2013
ARILTHERmAE X
Recommended by Associate Editor LIU De-Rong
1. M ZERUY TR Bl TRER Mf 264001
1. Department of Control Engineering, Naval Aeronautical and
Astronautical University, Yantai 264001

AR 77 568 B 28 G A 4 o ) R — A T S R HE L B
T, ARG B R SR I 45 8 1) R A T I — T R A
PITik. 1998 4F, Zhang S UL LA N B A4 5 AR
L ME R G B A AR B, R RG> [7) JUR A ok =l 077 5 T 2L
A 2 7 b BB N AR S 8 X, 38 B B e B R A A A
A, d5 o FH S Y 2 2 A 40 0 2% ) 3K Tl AR 11 4 o 2
2000 4, Ge ZF1ESCHR [4] HIHEAT b, SR 28 S ZH0K ™ 4%
NG | I N 0 N T B W o s s e E P VA
Wit KL R L (Radial basis function, RBF) #1£5 ) 45 31 5
I 2003 4, Ge SN HEEEAS, Vit 1 mit 25 0 2%
FEWRANRE, HE—B9 1 7 iZI7EP. SOk (6] 8 SCik
[4—5] MHeal BRI T — 280 A AN LA I A% S st A AR
Pis R 48, Ml 51 NGHBYAR S vh s w2, #E A A
&M s . RBF A48 ) 48 R o) 48 B e vH il 4. 2011
A, SCHER (7] BEREEA% SO AR DT I AR R T, Wovk TR
PR 2, AR 5 ) R AR RN 28 I 28 e T T 5 A ol
2%, SCHR [3—7]) AP W 4% sl AR 2R S8 (1 2 50 H IE N A
e Lyapunov B&E 70 #rf 21. 2007 4E, SCHR [8] 1L
P SCER I ALl E oA U AN AR I RGE et T HEE A
TE N AROR 2 2%, B0 R G S B IE N AR A S AT
B, Sk [9) 7ESCHR (8] MHEAL 2 R T ARG N 36l
J7 WG, SRR VA TSI Nussbaum B8 E0H)]
SRS, SCER [10] R R e BEORTBOR #2828 10151
T2 Z AR RS, R TR EIE ST
SHE TGN SCHR [11] A6 SCHR [10) IR b, R RIBOM 5
grig T A7 M RN LA RGBT TR BRI, o T iR
S RGIERE, R S B B T S S A

BV, I SRS R A 2 I 4 BUROR 3 B
i, PR RS DUV 2 = AP 1) R B R e Y
R R E B BN AR ) 0 HE B IE WA A BEAR (0 4 T 2% R % L
LR RS 2) I e O He d AR P R4 3) th
Lyapunov &€ 70 sl AR S0, A IS8 g @& v, 4t
G AT N AR T RGN 2 B RG
(R3G 0, 2 45 S BT W A9 BN S 2%, DRI oA M 0L 45 5 A
PR A 20 5 R BB R B, S BOR T LR R A, 1A gt
(1) o 28 10 2% AR 2R G v, HLAn N 75 S R DA 00 i 3455

SCHR [13] SR A 0 72 G 50 4 I 007 S 4 S At R G #k
IR A A N 7 BR RS A% S BT S AR St R G, ARG R
FABhAS T ROBHHEOR, Wovt 17 B4 1 I8 RS A0 25 100 246 428 0 45, 6
G S R F R AU ) 0 B Aok I B, (HR I ER S 1)
JEPETREIE T BRI AL P AR, SCER [14—15) B UE i
NARIS R4, vt 7 (a8 B & N AR i 0, it e -2
s, Bt RGN B o) il e AR SE S NI 24052 Fgk
TR RGN TE M R R S, SR )G R T ikt 1
%, AR =0k 1) SRR, 45 B 1) P FR 5
5 2) HE SO, F TR i — A B AR 5
i, T B BRHOE BT UE ] HCAEAE; 3) Bl kA
TR 2. (H & SCHR [14—15] WETTIIT G0 2 4 R
X NARDT S R GE, B R 43 N AR D7 56 2 PR S s AR
P PR 2. SCHR [16] (6 Sk [14—15) (W366G 1, BF9¢
TP SO N AR ARSI R ST, SCRR [17] #iZ AR
R KR AAR0 N R R S, (HSCHR [14—17) X3
RN (R 2R A I SRR 4% 1, 96 BT 9T 10 X 5 # 2 7 Ak
ST AR BHAE LR R SE. SR [14—-17) e A AARDT
SN W RS W 11 1A i D i BN il e e
FOH S G POt vt ARDS 0T G T e AN E M R S



734 FEARHRAE: AR 2l S AR e R e B Hrlidz il

BeTH A AR A A, BRSBTS (0 AR St o 4
AR — AFIAEHIST R & LT HARETT TWA T
WESY, 3 A EKZBA S S N 1R 2 4k 20231,

16 PR SCER TAE IR b, A S G tE N B ikt
ARFHEAR, WEICT AR5 2l R BAR 2 vk R4, 16 R ¥
AR BRI B HR BT, SR T AR S R G
(BT . AT XSRS T R G AR SN AR G S BR BB T
JEIRZS M (Extend states observers, ESO)24=231 3 1
it TR S S T TR R LA TR SR S S AR I — TR, vt T
Wy 2% (Track differentiator, TD). # )i %F HLA SCik = 19K
ARG AR R GEUAT T L.

1 [EERiEIAFES
1.1 dEhE R ARG
A e AR S TR Al R AR L T R Gl T

&1(t) = fi(z1, z2)
B2(t) = f2(Z2, 3)

n(t) = fn(@n, )

JJ.‘CEP, T, = [:L’l T2 :L’Z‘], i = 2,---.n, x =
[z1 2 )" € R" WRGRE; v € R WREAM
N fi(),i=1,2,--- ,n RREDGHT BREL

R G B TE 1 H B2 A B G A7 AN E T T,
8 T R w(x), IRIFHAR RG A 2R
A —ECHE R DRI, T 2o WA IRE M. A
WRG M m k5 R, B 2o = 0, WA f:(0) = 0,7 =
1,2,--- n.

Big 1. fE PMEL Qe R, iz =2, € Q.

Big 2. 1716 ¢i(Zi, xit1) = 0fi(Zi, xit1)/Oxiv1 # O,
Yz, #0,i=1,--- ,n—1 i, fﬂgi(:ii,xi+1),i: 1,--- ,n—1
SERFIBRE. AR Metk, BAFAERANTEE giw > gio > 0, fH
0 < gio < gi(*¥) < gin < 00, Ty € Q.

B 3. AKX 0f(ZTn,u)/0u >0, (ZTn,u) € A x R K
V..

Bi% 4. REPrARISA.

L R 2 RYME P gi(Zi, mig1) N HEIE BRI ER
R R T R 2 RS 3 PRAE RS (1) (R
e 4 ZOIAY AR U 2% I T 5.

1.2 ARSI ER

FEARZAESR B, X AR EI AR VAL BE I T VR A B & N AR
Sl N = e E Y BB i DY E S R O ¥ L S S R
(K)o 3 R A 2 AN B AR A DA SO I A A
ANES RS, AR RER A T A e
DN 3B ) TR AN AT DA SOt s R 48 AN E I, JF HL
REBS A 7F AR ZE P (KR KPR, i HLBEA UM R 58 7 (1
ez

ASCR AN IESY BORS WIS AAG TH RGP AR
RO i B RSE

4=H(t)+ BU (2)

AP, H (1) AR, U 2 TREMEAN, RENVRE 2 A

1529
W, AT LUK R GERPARASBEATY eI T I R 4
2 =20+ BU
20 =G (¥) (3)

R, G () RARKI, 6 LR AMIR H () 19S5, W LUK
G AR W 58 1

E1 = Z1 —Z
Zy = Zo — Bor fer (E1) + BU
Zo = —Pozfe2 (E1) (4)

[, By & ESO WM THR 2, Z1. Zo S W0 25 (1 % i
Bor > 0 Fl Boz > 0 ZMIMAIE T, SERE fo (1) AEUH
AR LR KL, WL efei (€) > 0, Ve #0, foi (0) =0. M
MERHEE Bor F Poz FMSELREL fei (-) WHEI AT LS SR
[24—25]. ASCEINSERET foi (1) BT

fer (E1) = En
fez = |E1|"'sgn (E1) (5)

He,0<ar <1

EIE 124, F e RS (2) Mg LIS (4), WAELER
W5 Bo1 M Boz, an € (0, 1), AR Z1 Z2 73l S E 5K
FRRaS 2, H (1) RSN, 5 78RS RSN &1
(4) PIASTHREEE, LAY K T I A

18> o > 1G () (©)

TERR. 1% & BE I VE AR I WL SCHR [24). O
1.3 IREMS

SRR 28 2 S 0 R B A I A S A T R ok
(). 5455 AR e AR A e i e, OIS Al PR B v sk
S NI B2 0 2R T I KA T (0 S %, (H
RAXAN T A RBRIOA A, Sk, HHNEN T
By SR 1 S RO AT A U, VR RIS S
B, T Al 2 8 0ot R (T e A AN, o) 8 oh g
R R R R S, SR W A 2
i NI L k. Levant0) S0 T AL TR AR A
(11l 2 A Ak 2 8, R D SR A S SR, O Ak
A A T L (MR R % A 4 4 7 s
RS S B bR A S R L S R
RGN, A SO Tt W RO R GOR A i 20
A

U1 V2 7
{ U2 = —Asgn (v1 — 1 () Jur — 7 (£)|* — Ava @

KA, r(8) BEMMIIGT, vis v2 B SIPRESLE, o
A BRI S8, R0 E LU A
0<a<l, A>0 (8)

M v BEREERER 7 (¢), I v AT ABRER » (8). X FRERERI>
SRR S | SR [25] TA8 2.3 T



1530 H )| 1t

F (1 40 %

2 REEHhRT

FEREAT A BETEAT, ST BPIME. % B Wi
RY::
y=f(yw®)+od)u 9)

i, fyws b AANIEREL, ba > b(t) > b1 >0, Wb (t) &
A A PR 2 — FR ), DI (9) AT BLek s

y=f(yw () + (0) = bo) u+ bou

LUK (b(t) —bo)u MAEF A, & X a(tu) =
fy,w(t)) + (b(t) —bo)u, ARG (10) Mgy Je R UM
& (4), o Zo — a(t,u), MIATBEUH IR 42 6 45 ok B8 R
4t (10):

(10)

u(t):—f—;—k:y

(11)
K, k> 0 IFFRTHH A

3138 1081 Exf AR R L (9), HE by > b(t) > by >
0, MIA] LA T A e M ESO, 15 b (t) A2k P B
M bo BETHEEFIRS (11) RS (9) #risie.

20 TEIEEE bo W, ELR bo HIFFSH b () —EL
b(t) — bo #ish, W Zo vk B IAER & a (¢, w) BIREB
U, bou B B PUYLRL T AWML 1% 5] B2 7€ 400F B L STk
[18—19).

ERE f (y,w ) +b(t)u & PRk 13807 5 7 X
Agiidh G (y,w (t),u), W b () = 0G/0u, H a(t,u) =
G (y,w (t) ,u) — bou, MIMATEARE P T4, %58
IRZERVETES ¢

I':f(mvu)

i,z € Q CR, Q WEE, fAHIELEAH R, B
Of Jou # 0 Kl I, ARk, Bt 0f /0u > 0, IRAETT
T 23 Ar, W (12) Af RAe S

(12)

z = f(z,u) — cou+ cou (13)

KA, co AFFBITHSEH, LA S5 of/0u 2 & B
AEIR, F (z,u) = f(z,u) — cou HRE (13) MdH IR
AWM. b RRA R EARE 20 — F (2,), MBI
R R E RS (12):

1

u(t) = — (—22 — kx)

(14)
co

[, k> 0 SRRV AL

3138 2. 4T ERS (12), Wi b e ESO, "L
Bk (14) MR (12) #irEe.

IERR. Kl (14) AL (13) &

z=F(z,u) — 22 — kz (15)

AR, MR g = F (z,u) — 22 = 0 LA, R4 (15) &
3 WS D BB AR IR P L 20 2 T LA REE AR b B i
IR F (o, w) IARA SRR R ER G006 2 al WPk,
WARE F (z,u) B2, RESARER, BaI4EM
W E S R R G |, A AT RE R Seh A5 B A
P AR (L SCHR [24] 26 200 12). Kl (14) AR g 10

o) tka, it fREEQ

W EL R AL, H Of/0u # 0, IRl Ba ioe sy

LI ARLE 2o (819 g = 0, BIAEAERRHITE (14) W] LA B

ARG (12). O
i B 2, ik 2 FIRBE 3, AT Llig X (1) S5k

FikR e, AP g = f (o, -2 - 22)

T = F1($1,$3) + cax2

To = F2(3_22, $3) + c3x3

Tn = Fn(a_:rm U) + Cnt+1u

B3 Fl0gi(),i=1,,ngn() = 2L () MHT, K
TREAEM K ESO B S ks B Al THAR NI, B cipr €
(gi07giu) 7i = 17 RN (ﬂ:&ﬁ*’m“ﬁi% Ci+1 € (07 OO)7 &
BOF; () A%, LW
Fi(Zi,xi11) = fil@i,2i11) — citizir1, 1 <i<n—1
Fn(i’mu) :fi(i’mu)_CnJrlu (17)
P S AR I R EE (16) BEATHEHIA v it
BB 1. HIET RS x1, LR e1 =z, XWIHKFH

é1 = Fi (z1,22) + c222 (18)

h¥F B () Ron, B4 WOTEALT, RS (18) 1
# ESO.

Ei=7Z11—e
Zia = Z12 — Borfer,1 (B1) + coxa
Z12 = —Boafer,2 (B1) (19)
W BRI 220 WF R
Z k
Tog = — 22— ey (20)
Cc2 C2
U, k1 > 0, EH Lyapunov pRETH
Vi= %e? (21)

TENBE ea = w2 — 24, &3 (20) HIEIIEGIE, X
3 (21) o r 1
Vi =ei(Fi + com2) =
e1(F1 + cz2(e2 + w24)) =
e1(Fi + cax2q) + c2e1e2 =
— ki€l +ei(F1 — Z1,2) + caeren

WH ex =0, ¥ F1 — Z12 WAREHTIHA, WL (22) 7]
DS

(22)

Vi < —ki€i + |er| |F1 — Z1 | (23)

MRYEH AR R E B LLE HH, M e2 = 0 I, REE (18) 2
HANRESRGER, MERERE F — Zio A5, We B
I

PR 2. AR ex HATHUY, 19

éx = Iy + c3x3 — Taq (24)



7 FEARHRAE: AR 2l S AR e R e B Hrlidz il 1531

M zoq THMMBLE Z1 2, BEE RGN, S
Zhg WIRFHL, N T RIX— IS, RSO TR ER A ok
Tt Z2g.

{ V1,1 = V1,2 (25)

O12 = —A¥sgn (V1,1 — T24) [U1,1 — @2a|™ — A2

1 (24) B Fy R0, IR dog A REBL I AMEETR, {E AR
W4 LT, A (24) #g ESO.

By =721 —e2
ZZ,l = Zs,2 — Po1fe2,1 (B2) + c3x3 —v1,2
Zz,z = —fo2fe2,2 (E2) (26)

A, 2 AWITE (25) FPIRZS (RIS S 220 FEUOMTHE),
BEH IR 230 Q0F X

1
T34 = . (k2e2 + c1e1 + Z22 — v1,2) (27)
X, ke > 0, I Lyapunov RN
1
Vo =Vi+ §e§ (28)

B AR e3 = w3 — x3a, Hiaa\ (27) RS, Xt
o (28) T A1
Vo = —kiel +e1 (Fi — Z12) + caeres + exés =
—kie? +e; (F1 — Z12) — kae3+

ez (Fy — Z2,2) + e2 (V1,2 — T24) + c3e2e3 =

2 2
— Z kie? + Z e (Fy — Zi2)+
i=1 i=1
ez (V1,2 — T2a) + c3e2€es3 (29)
WM es =0, &
_ €1
e =
€2
[liqipts
IAREAR
(F2 — Z2,2) + (v1,2 — %24)

ARG A, W (29) TS L

. k
Vo < —é5 |: ! ] éx+
2

iy —Z2

llez]] .
Fo — Zoo+vi12 — %24

’ (30)

HR 4 ISS (Input to state stability) EH A LLEH, Ze3 =0
I, R4t (24) B NIRSRIRREN, BIRikE 2

F—Z2
(F2 — Z2,2) + (v1,2 — ®24)

5%,

BRER

TBi. Xte =x — i 15

xia AT, 13
éi = F; 4+ cit1Tit1 — Tid (31)
[F) 3 AT DA IE BRER AR 8 A5 TH S daq OU0TF
Vi—1,1 = Vi—1,2
Vic1,0 = —A%sgn (Vi—11 — Tia) [Vic11 — Tia]® (32)
—AVi—1,2

¥ (31) o Fy R, R dsq BB AME TR, (1 1
4 WATISAET, ATRCRh R (31) Mg ESO.

Ei=2;1—e;
Zi,l = Zi,2 — Po1fein (Ei) + Cit1Tip1 — Vi—1,2
Zi,2 = —Bo2 fei,2 (Ei) (33)

R w12 BB (32) BORA (55 zaa SHCOM
{i), Bert A 2141y TR

1
T(ip1)a = —— (kiei +ciei1 + Zio —vi12) (34)
Cit+1
A, k> 0, #H Lyapunov B
WzWﬁ%e? (35)

R eiv1 = Tit1 — Tipnya, S (34) MRELE
i, %X (35) Gy Al 4

i—1 i—1
Vi= =Y kie;+ Y e (F = Zja)+
=1 =1

ie2
€jt1 (Uj,z - Ct(jJrl)d) +ciei—1e; +€ié; =
1

J

7

= kil + Y ey (Fy — Zja)+
j=1 j=1
1—1
> e (Vj2 — Eana) + Cipreicipa (36)
j=1
AR, R e = 0 B, REE (31) MINIREREER, K
Fj _Zj;27j = 17 7i7 Vj,2 _:‘E(j+1)d7j = 17 77'_1 /ﬁ%7
Mej,g=1,---,i SAR
BB n. 5t en = 20 — zpa WATHS, B
én = Fn + Cn+1U — :‘End (37)
[FIRE, AT DA R B ) 88 Al 5 Y G OU0F
Un—1,1 = Un—1,2
Up—1,2 = —=A%sgN (Un—1,1 — Tna) [Un-1,1 — Tna|*—
AUn—1,2
(38)
¥ (37) HF F R0, [N, B dna JAETRY M2, 7
W4 OLIAE TR, nI LR (37) #E ESO.

E, = Zn,l — €n
Zn,l = Zn,2 — Bo1fen,1 (Bn) + Cng1h — Un—1,2
Zn,2 = _BOchn,Z (En) (39)



1532 H )| 1t

F (1 40 %

K, vn—1,2 AW E (38) PIRZ (RIS 2na SR
{H), BEH#EH v W FA

U= — (knen + cnen—1 + Zn,2 - Un71,2) (40)

Cn+1

JEH Lyapunov BREUIT

1
Vn =Vn_1+ Eei

gk (40) MOFhIEE, Xt (41) SOy nI
n—1 n—1

_ Z k;je? + Z €; (Fj — Zj,2)+
j=1 j=1

n—2

E €j+1 (Uj,z — ﬂb(j+1)d) + Cnén—1€n + €nén =
=1

(41)
V, =

=Y ki + ) e (Fy— Zia)+
j=1 j=1

n—1
> eir (V2 = EG4na)
j=1
I, RG (37) MANRESZREMN, HEF; — Z0,j =
L---,m, vj2 — &G4, = 1,---,n—1 A5, Wej,j =
1, ,n B
EHE 2. RS (1) eia R 1~4 MErie T, 7Tl
BT AR (20). (27). (34) FNEEh (40) Wrim s e 25 &
MIHEANTRIE A, RIS, % R R G B A 1 5 1 2 i i W Sl 2
Ji st AN
IERA. 3EHL Lyapunov ¥ V, = £3°7 €7, thiil i
S et i FE R DUE R, Ry a4 K (42). U,
Fi = Zig, i = 1,--- ,n 2 RUMABERRZE, REERNS
TEIIZH Bor ~ Boo MAELNEREL for (1) 24, L AEE LI 28 1)
WERIMMN. (vie — Eatna), i =1, ,n— 1 ZHEEH
SRS I s, ton] DU B S B e 4 NP R4
ESO FIERER 45 10 Sk 22 0

(42)

n n—1
€ =sup (Z |Fy = Ziol + ) |vs2 — %‘ﬂ)d‘) (43)
i=1 i=1

M (42) w5

VnS—Z(kj—l)e§+%Ez<

j=1

—2x min (kj — 1)V, + %az (44)

1<5<n

HEAE Wt ESO FURERT 2 16, SHORIG Y, H
ki >1,1<j<n, SRzl (1) #icie e 2 oSk m.
ik (43) 3l (44) 7150, Vi, — €%/4 x mini<j<q (k; — 1),
i LR AR 1K/ B RO 248 M 2 5. ESO S 8L K&
ky WA ¢, dE— Al e BERA o 25 1 2 80 2
3L (8) A ESO MIZ 52X (6) W, ky B, WZFEAE W
N RZTRE R N, AWk er — 0, Mz — 0, X
o MTREK B AEEEAD (R 2) $TE, wf LA
Hoxe — 0. RIREHATUH 2 — 0,4 =3, ,n, Y—
HAHF —0,i=1,---,n Mlajg— 0,j=2,---,n, &
Zi,2—>07i:l,---,n?Fﬂvj,1—>0,j:1,---,n—1‘ O

E 3. HESMEILBA I, SO BB E A AR B
RPN AR R 4.

3 mEXA

J T UE A SCTTE A S, BATNEZ A TR IR T
5 MIEFEXTS. 1 4 AN AR AR RS e, LA 3
MNEWAFEINBINS, J5 1 A8 TAMNBIS; G 1 A2
AR S AR LR E R IR T BTGk U, sl 1 AN S 2
ST A AN AR S R G, Sl 3 RS 5 R AR Al
ARG, b, s AT AN AR S R G2 AR 9 2l 15t &R
SEP IR DL, ESO R ERTH/> 28 ZHUE DR : X = 100,
a = 0.57 ﬂ01 = 1007 ,302 = 1500, a1 = 0‘25, Ci = 1.

fFESfH 138790,

¢1 = T2
iy = a7 + 0.15u® + 0.1 (1 + 23) u + sin (0.1u)

N Fy =0, Fr =27 4 0.150® 4+ 0.1 (1 + 23) u + sin (0.1u) —
w. WA, AR REMN TN, WWIREHR 21 (0) = -1,
x2 (0) = 2. A TUWI AT SHIER A — e sk
PR, R0 B8l g, S iESE ¢ = 1 Al e; = 2 ZATRTLL.
IR 1~ K 4. B 1 RS- gk, ) 5k
RIS RN ¢ = 1 IPIRE, BERTEL TR ¢ = 2 N1
R, N1 ATV, Y e 38 1 802 W, AL T
Hillgs X nr DRSS PO Hh e S B . B 2 2 ik IR A%
TR hl 2%, BF 723 2 BEMTE, RIEHI6E S W s 3
SRS EEAN AR A . I 2 TRLE Y, $a A R 0L o s
ci W BR 2 WFZERIAK. B 3 ZRANY REIR AU 25 (1R
BB RINARL P w mlma 3 i 2k, & 3 ATRLE H, 37
FETRZS LI 25 IR A v LUR UF Hb A5 T R JnAE2e k. Kl 4 25
3 i TR 25 R 003 ) %) 1 ) o 7 iy 28, B P RT DL R, AR
SCHH I SRR RAR L. W 1~ 4 AT LB, LR o
TR 1 B8R 2, AT BeTHTT A2 AR, R X B4
WSHL e; W B AT, BILAE T 4 A7 3K
B HIERE ¢ = 1.

4
ENICIE
R

Fig.1 Time response of states

AR 207
r1 = T2
&o = x123 + xge*k”% — 12+
(2 + 0.3sina3) u + cos(0.1u)
n = 0, Fh = xlxg =+ xgeiliz% —T1T2 + (2 + 0.3
sin z3)u + cos(0.1u).



7 FEARHRAE: AR 2l S AR e R e B Hrlidz il 1533

i
qNqu_‘q_‘
=R
I I

3 % 8 10
IRF ] /s

2 PR h 2k

Fig.2 Time response of control and virtual control

4] 2 4 6 8 10
fin) /s

500

S
™71
o
—_—

-500
-1 000
-1500
-2 0000

F, sl

2 4 6 8 10
KT I /s

F, A
I

D
a oo

F, X34t
3

2 4 6 ) 10
I [H] /s
K13 ESO HRIRARA SR 1 s ) i 1 2%

Fig.3 Time response of ESO states and unknown nonlinear

VAR R RGNV, WAHERIE R ©1 (0) = —1,
z2(0) =2, EH e = 1. TIESGRILE 5~8 K5 2K
A5 - W TRD 2, Ry DA HH AR SC U T 4 AR S D T b s 8
FR . B 6 2B paR s A LR Es, b RS
BB, AT S B R . B T R 2 AT REIRE
28 RSN 2 AN 0 AR L 1 1 ek T i 7 it 2, DA Il mT LA
B, B RRAS I 25 1 RS m] LUAR G b o oA 20 Al 2 4
B 8 S0 A R 7 TR 0 F7 o 6 g D6 o 7 1 2.

7
A ¢,=1,x,
o b
5H ---c=2,x,,
_ 4' "'ci=2>vl.|
s 3
g 2
Sl
0
-1
-2
0 10

4 6
I5F ) /s
4 TD KPR vy 1 RG] 2oa (KI5 RN 2R
Fig.4 Time response of v;,; in TD and virtual control z24

2 4 6 3 10
18] /s
K5 A

Fig.5 Time response of states

4 6 8 10
i /s

K6 s s i ih &

Fig.6 Time response of control and virtual control

Ofy 1 H
—ZV Zs
2 8

e ss°
100 5

. T T
) > H
—100-)r —7%,

—200F

—30(,‘0

FZ ,
|
N

FZ*DZZ 2

i 6 10
IR /s

7 ESO (KPR RRFIRLAE I ] i 1 fH 28

Fig.7 Time response of ESO states and unknown nonlinear

fHRE S 31 .
. —0.5z —0.122
T1 = x1€ 1+(1+e l)xz—l—
0.5sin (z2) cos (t)
iy = a7 +0.15u® + 0.1 (1 + 23) u+
sin (0.1u) + 0.5 sin (10t)
AR KR RGN R, WHIERE A 21 (0) = —1,



1534 H )| 1t

F (1 40 %

2(0) =2, HHk e = 1. THAERILE 9~12. &9 2R
A - IIRL 2, TRLA AR SCBETE (14 DR 2 D b i 8
F . K10 2 vt (i 28 AR Bl 2E, BEE IR I
SHENSUS I, BRI R . B 11 2 2 AR
MM B PPIRAS B 2 A ARFDAEL L IR IR TRy Y i 2, MK 11
ATRUE 37 AR I 38 (4R 28 mT AR G b o R Sl E 2%
Ph. T 12 A0 % R0 DR 2R R 0 s 1 01 i o v 1 28

7
E ”””'XZLI
JE Uy
5H]
-4
g\ 3k
<2t
!
0
A
2 3 10

4 6
IRfTa) /s

8 TD [FPRA v1,1 FEIIFE ] <oq M9 R] M I 2k
Fig.8 Time response of v;1,; in TD and virtual control z24

4 6
IFJA] /s
M9 Rk

Fig.9 Time response of states

7 6
i Ta] /s
& 10 iR R 44 i i

Fig.10 Time response of control and virtual control

AEXf4:

F B R SR 3 B AR S AR AR T

1 = 22 + x1coszz + p1 (¢, x)

T2 = 3 + 1 cosx2 + p2 (L, T)

3 = x2cost + 2x3 cost + p3 (t, )

A H, p1 = —0.05z2x3c08 (), p2 = 0.2sin(2t), p3 =
0.3xs sin (¢) M FMBILH.

AR IR RGN, WRIME IR 21 (0) = —1.9,
22(0) = 0.3, z3(0) = 1, %Fc; = 1. (HELEE K 13~16
Fras. 13 RRES - R 2k, TRUR A SCROTH I
SRS PR W SR S, B 14 2 U T 4 s R L
A & 15 2 3 AN RARS UM FPIRES A 3 AR FnARLZ

PRI 1R] w2k, AN 15 RTELE ), 3 BRI &5 IR
A& A DUR S S TR AN ARZE . 18] 16 23000 a8 RS F
UL il 10 T g 7 T £

10
t\; sh _ g :
2 ol —
[N (S)Y

0 P 6 3 10
I [ /s
1000 —

o s )
N O —_
Z_1 000} -
h:rzooo

- 0 4 6 g 10

Iy 1A] /s

11 ESO MR FIRFIARLAE (K] TR AHRY Hh 2k

Fig.11 Time response of ESO states and unknown nonlinear

.>CM+EI1)LI

) N
-3

— O = N W B W
ML P

4 6 10
I | /s
12 TD BPIRE vr,1 BEREE] 2oq (0] RIS 12k

Fig.12 Time response of vy ; in TD and virtual control x2q4

fHESM 507

R AN S 09 T VAR 5 AR 1 56 AR 26 PF R 45 10 B R 1)
oL DS 3 REAXSR, iILRAEIVRE » IS
5 yq = 0.5 (sin (¢) + sin (0.5t)). UL, ESO [ g 35 g
B4

Ei=Z11—e1=2Z11— (1 — Ya)
Zl,1 =Z12 — Borfer,1 (F1) + (c2z2 — ¥a)
ZI,Z = —foz2fe1,2 (E1)

WIRTEA 1 (0) = —1, 22 (0) = 2, &P ¢; = 1. (hiIL4G
RN 17 ~20 Pros. 17 2SS % R L, 7L
Bt A SCBETE )8 i A Be A R AR i b N BR S R .
18 it a2 AR R Ry, B 19 2 AT RS
W2 (RS S A A S0 AN 2 ik () 1 ) w17 i1 2, AT 19\ ]
LG, 37 R RS LI 248 R RS v AR T b A T AR SR £ 1tk
B 20 2 o0 2 10 DR 25 R R FL4% S TR ek g g 2 (i 28, 3R W11t
IR 2 BR B 5 R AR 4T

4 5t

AL SN AU EOR, 3 A S v i —
FGINER SO I BT BT, BT AR AR et R S
(1 BERE ) AT AR B 1 L.y B A SRR e T 7 5 16 A8 B AN I,
A SCANE R i AR R i s, iR Se kT B PUIRE ARKE
SCHAL T A B S AN E R 8, RN AT ESO it e ik
RGP AN E I, S T S e ok 1 s, S 1
B RE AU ) 7 HOR T ISR, SIN T Ay A
TR IR w8 R RO R B A P AR DT R e, #nT
PR Bt 51k, KB S5 RE W], ASCHN 1 Be it
THERARI. AL BT TT W R S5 O 8 & NI,



7 FEARHRAE: AR 2l S AR e R e B Hrlidz il 1535

FEF SR bo (M4 .

....... X,
- - =X,
X}
6 8 10
i) /s
K13 Rk
Fig.13 Time response of states
800,
—
e X
"""" X
10

4 6
INf ] /s
P 14 R LS i o

Fig.14 Time response of control and virtual control

I """" FI_ZI.Z
4 IR /s 6 8 10
| """" Fz _Zz.z
N 4 e /s © 8 10
& 10— I F—7,
&~ -100 2 T 6 3 10
K TA] /s

K15 ESO PRI KHARLZE A i i Tl may 7 fh 2%

Fig.15 Time response of ESO states and unknown nonlinear

-100

4 6
B H] /s
16 TD [FRIRAS vy, 1 FUEFEIFA I (9 I [r) o )37 g 28

Fig.16 Time response of v; ; in TD and virtual control

I /s
K17z () MRS H T yq
Fig.17 Trajectory of z; (t) and reference trajectory yq

ufilx,,

-10} 2

-15 . . , \
2 4 6 8
i 8] /s
18 Pl fuh 7 bl dh 2

Fig. 18 Time response of control and virtual control

4
B 5
N 2 —Z,
I . , . .

0 7 Ea— 5 g T

F5 (5] /s
L 7
N 200f = —7Z,
=z Y
S .
200 p) i 3 T
FJ (5] /s

19 ESO HRREFIRFIARLA (K] T8] i ih 2%

Fig.19 Time response of ESO states and unknown nonlinear

0 2 4 6 8 10
IRF ] /s
K120 TD MPRAS w11 FHRE I I 1) IS T o )7 i 2

Fig.20 Time response of vy ; in TD and virtual control

References

1 Krener A J, Isidori A. Linearization by output injection and
nonlinear observers. System & Control Letters, 1983, 3(1):
47-52

2 Krstic M, Kanellakopoulos I, Kokotovic P V. Nonlinear and
Adaptive Control Design. New York: John Wiley & Sons,
1995



1536

H gy

e

(1 40 %

10

11

12

13

14

15

16

17

18

Ge S S, Lee T H, Wang J. Adaptive control of nonaffine
nonlinear systems using neural networks. In: Proceedings
of the 15th IEEE International Symposium on Intelligent
Control. Rio Patras, Greece: IEEE, 2000. 13—18

Zhang T, Ge S S, Hang C C. Direct adaptive control of non-
affine nonlinear systems using multi-layer neural networks.
In: Proceedings of American Control Conference. Philadel-
phia, Pennsylvania: AACC, 1998. 515—519

Ge S S, Zhang J. Neural-network control of nonaffine non-
linear system with zero dynamics by state and output feed-
back. IEEE Transactions on Neural Networks, 2003, 14(4):
900—-918

Chen M, Ge S S. Direct adaptive neural control for a class of
uncertain nonaffine nonlinear systems based on disturbance
observer. IEEE Transactions on Cybernetics, 2013, 43(4):
1213—-1225

Cui L L, Luo Y H, Zhang H G. Adaptive critic design based
robust neural network control for a class of continuous-time
nonaffine nonlinear system. In: Proceedings of the 2011 In-
ternational Conference on Modelling, Identification and Con-
trol. Shanghai, China: IEEE, 2011. 261—266

Labiod S, Guerra T M. Adaptive fuzzy control of a class of
SISO nonaffine nonlinear systems. Fuzzy Sets and Systems,
2007, 158(10): 1126—1137

Labiod S, Guerra T M. Direct adaptive fuzzy control for non-
affine nonlinear systems with unknown control direction. In:
Proceedings of the 2011 International Conference on Fuzzy
Systems. Taipei, China: IEEE, 2011. 2870—2875

Wang W Y, Chien Y H, Leu Y G, Lee T T. Adaptive T-S
fuzzy-neural modeling and control for general MIMO un-
known nonaffine nonlinear systems using projection update
laws. Automatica, 2010, 46(5): 852—863

Wang W Y, Chien Y H, Lee T T. Observer-based T-S fuzzy
control for a class of general nonaffine nonlinear systems us-
ing generalized projection-update laws. IEEE Transactions
on Fuzzy System, 2011, 19(3): 493—504

Ge S S, Wang C. Adaptive NN control of uncertain nonlinear
pure-feedback systems. Automatica, 2002, 38(4): 671—682

Sun G, Wang D, Li X Q, Peng Z H. A DSC approach to
adaptive neural network tracking control for pure-feedback
nonlinear systems. Applied Mathematics and Computation,
2013, 219(11): 6224—6235

Park J H, Kim S H. Direct adaptive output-feedback
fuzzy controller for a nonaffine nonlinear system. IEEE
Proceedings-Control Theory and Applications, 2004, 151(1):
65—72

Park J H, Park G T, Kim S H, Moon C J. Direct adap-
tive self-structuring fuzzy controller for nonaffine nonlinear
system. Fuzzy Sets and Systems, 2005, 153(3): 429—445

Wen J. Adaptive fuzzy controller for a class of strict-feedback
nonaffine nonlinear system. In: Proceedings of the 9th IEEE
International Conference on Control and Automation. San-
tiago, Chile: IEEE, 2011. 1255—1260

Wen J, Jiang C S. Adaptive fuzzy control for a class of
chaotic systems with nonaffine inputs. Communications in
Nonlinear Science and Numerical Simulation, 2011, 16(1):
475—492

Han Jing-Qing. Auto-disturbances-rejection controller and
its applications. Control and Decision, 1998, 13(1): 19—23
(6 203, A PUPR Pl 2% BN L Pl e a, 1998, 13(1):
19-23)

19 Han Jing-Qing. Auto disturbances rejection control tech-
nique. Frontier Science, 2007, 1(1): 24—31

(FERUE. APTPFHIECAR. Wi RE, 2007, 1(1): 24-31)

Chen Zeng-Qiang, Sun Ming-Wei, Yang Rui-Guang. On the
stability of linear active disturbance rejection control. Acta
Automatica Sinica, 2013, 39(5): 574—580

(Brugam, PhUIEE, Woiot. 2otk B Brlieslas mide T oL, Halift
24, 2013, 39(5): 574—580)

Su Jian-Bo, Qiu Wen-Bin. Robotic calibration-free hand-eye
coordination based on auto disturbances rejection controller.
Acta Automatica Sinica, 2003, 29(2): 161—167

Qiao Guo-Lin, Tong Chao-Nan, Sun Yi-Kang. Study on
mould level and casting speed coordination control based on
ADRC with DRNN optimization. Acta Automatica Sinica,
2007, 33(6): 641—648

(FrIEbk, ERART, Fh—FR. HE TR 4 B P bt &5 0 2 B
MR REIT. B FH], 2007, 33(6): 641—648)

Cheng Chun-Hua, Hu Yun-An, Wu Jin-Hua, Zou Qiang.
Auto disturbance rejection controller of non-affine nonlinear
systems with adaptive observers. Control Theory & Appli-
cation, 2014, 31(2): 148—158

(FEHE, B, SLbe, AR, JR05 5 REE0 B M A 2% 5 HTah
Sl PSR 5NV, 2014, 31(2): 148—158)

Huang Yi, Han Jing-Qing. Analysis and design for the second
order nonlinear continuous extended states observer. Chinese
Science Bulletin, 2000, 45(13): 1373—1379

(B, FhaUH . AR MEELE I SRR 2 (K 447 5 veul. Bl
&, 2000, 45(13): 1373—1379)

Han Jing-Qing. Active Disturbance Rejection Control
Technique-The Technique for Estimating and Compensating
the Uncertainties. Beijing: National Defense Industry Press,
2009. 56—66

(V5T B PTPFRRIEOAR - TR B R P dl R, Jba:
B Tk R AL, 2009. 56—66)

Levant A. Robust exact differentiation via sliding mode tech-
nique. Automatica, 1998, 34(3): 379—384

20

21

22

23

24

25

26

BEE WENS TEYELRS TERERE LU 2010 4380 7 it
A TRRAERE 2y, RERT S 0k B NP, AR A
fiifE% . E-mail: chch715@126.com

(CHENG Chun-Hua Ph.D. candidate at the Department
of Control Engineering, Naval Aeronautical and Astronautical
University. He received his master degree from Naval Aeronau-
tical and Astronautical University in 2010. His research interest
covers adaptive control, and nonlinear control. Corresponding
author of this paper.)

AR WENT TREER S TRERAER. 2004 43805 RIE TV K
RS TS BV ER I LA BRI 0 AT 28 T AU
vl ek tifesl. E-mail: hya507@sina.com

(HU Yun-An Professor at the Department of Control Engi-
neering, Naval Aeronautical and Astronautical University. He
received his Ph. D. degree from Harbin Institute of Technology
in 2004. His research interest covers aircraft guidance and con-
trol system design, and nonlinear control.)

=

Rt WD TR BB TR R AEZ. AT 1 S0
Syl RGN RS0, E-mail: hywjhua@sina.com

(WU Jin-Hua  Professor at the Department of Control En-
gineering, Naval Aeronautical and Astronautical University. His
research interest covers navigation and guidance, control system
simulation and test.)



