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Abstract: A sliding mode control (SMC) scheme based on the extended state observer (ESO) is proposed for unknown
non-affine systems with mismatched disturbances. By using the extended state observer, the original system is transformed
into a second-order integral series system with disturbance, and the problem of control design for the non-affine system with
unknown dynamics and disturbances is transformed into that of an integral series system. Therefore, it is not necessary to
completely know the model during the control design. Firstly, a modication with the prescribed performance function (PPF)
is introduced into ESO design for improving the transient performance of the ESO. In the design, the PPF guarantees the
bound of the estimation error and suppresses the oscillation and overshoot in the response process. Then, a sliding surface
with a correction term is proposed to reduce the influence of mismatched disturbances caused by ESO estimation error,
and improve the tracking speed and accuracy of the control scheme. Finally, the simulation results show that the proposed
ESO converges faster and the oscillations are significantly suppressed. The improved SMC can deal with mismatched
disturbances and has a faster convergence speed and higher tracking accuracy.

Key words: non-affine system; mismatched disturbance; prescribed performance function (PPF); extended state observ-
er (ESO); sliding mode control (SMC)

Citation: ZHU Bin, SUN Ruisheng, CHEN Jieqing, et al. Sliding mode control for unknown non-affine system with
mismatched disturbances. Control Theory & Applications, 2021, 38(6): 862 — 870

1 5= F. SR, DA IR 70 R 48K 22 B0 fil e 52X

VAR SR, W 5 EE R PR ke IR Rl i), AR5 R L R
WM G o, P04 | k58 kit 4, MR IR T R AR B AU, R0 3 R G
A0Sy VR AR AR R M b TSR B L 2 i R R R RS I (KRR, XA AR R

ek H A 2020—05—14; 5 H #: 2020—12-31.

Ti@{E/EE . E-mail: srscom@ 163.com; Tel.: +86 25-84315483.

AT EHZS: R

E XK B ARIERSETIH (51809138), HHE 15 RI#HL ST H (2019M651837) i H).

Supported by the National Natural Science Foundation of China (51809138) and the China Postdoctoral Science Foundation (2019M651837).



Fo

AR B A ARILRETPAAR SIS AR 5T R G s 5% 863

SRR E AR 15 LB A . (EX T
B RAM S, B RGE  HE L R R
SRz BIAEALE. PR, XF 0 5 3 g g il 77 v Bt
FURT AR B 22 1) S s | ) A
H T, £F0F R0 5 R ge s il in) i 32 S A
A2 — R e pR B e B e R e F O RS N
P9, 0 MR AR o) B H 2 M i T, 2R
i TR FE o 225 DX 2%/ R8240 0 35 ) SR DU R 28
PRI 450, SCHER (1318 [ B R4 ] A E G T A T
BT, SCHR 110048 H — R F Nussbaum 2 bR b 2
B 2R M T . B SCHR[13-14)F8 H, 2 T
28 IR ) SE T S5 M I VAR AR B R R R G, 1
AR EEIEGERN FEE S, Wn 7w,
HMEMEETEMFRITSHZ, MIANER, BHE
K. MSCHER (1413t 7 — P35k 28 (ext-
ended state observer, ESO)H#F AT IE 2R PETUA5 111 J5 vk,
ESOZE5 4 fif 5, Al 1158 7758, 1X A 72 KRR 46 1Al
TSR BT HMEBE. SR T 75 2EE = 2, ESOA i & —
TR MG S IR, DRI A7 v 18 2 W0 85 e g 0L TR
G USUAT R SECRE B BB H G X SR ARG
B AR R g o, 7 EESOA RBP4k 138
T 2 5 1 e A 1 W00 28 Ak 3 ) — e o L ik
P, AEIX A1 7 S — L A7 [ s A5 an R s a5 s, W
FHEUSCSIT AR A TR 22 50 nT Re H LR IR | IR 35 5520
R.IX A R R ECRSA B B ARE G| X FER
GUR B XTI, ARSCHE T — i T T 14 e BR T
HMOHFESOZE 14, LASEILX Al T FE Hr s PR RE R I e
P E M. Sod S iEt 51 N s a8 B (prescrib-
ed performance function, PPF), J£3E47 fiti i1 1% Z 45 ¥,
TEAHSCEESO R A fE /1 18R L, FRHIME TR 22 1R ¢
PRFFIE— AT A A 2 W, I3 T 2 R RS
ReZ L) B . 33T e ik T H I A% e A TR AR
GiILA, EFESOTEIA BARAG THE FE 1) R, HoAk
THWIEA RIS P RE R INATI PR e & W T T2 AR LK.
fEIE I ESOM AR f5, AR it R 48 nT LARIA i
TR R4t
T1 = Tz + wi,
{ Ty = U + Ws.

(D

ARG R F UL PRI TR —
B R GE. Herw Mlwy R REH T RE AR S 12 R (1
RENEFIRB). R AL 48 B Pl IrExT )
BEAT AR, A PR T 5 — MO it PN RO H
PUL R, 71— MR EEEu Bt N — DM RE i
E R PR SR TP . (H R IR TV,
O 22 B wy Alws AL TR Z2 BT R (5. AR SC
SEH T B PR ] 050, IR AR
iR S, K I AN E TR ZE RO AL B G — Fe A% B A5t
T B 2, 1S R oA RS L. Sty

EISE VARSI s = ORI R, AR B s E —
7850 /MBI X TR EP AT (RIS, R FHESORIAl 18 71K A&
HIE S KRB — A TR 24, il 7Ig
152 47 il (sliding mode control, SMC) 75 B4 K &, %1 &k,
o DA AT, Y058 T SMCIRLTE .

2 AR

21 EHIELETHRAIAEDH RGEA

FREAN T S A7 R VT AT P00 Z B 54 N 4
(single input single output, SISO)AEi 5 R4

{131 = fi(z1, ) + dy,
Ty = foz1, 22, u) + do,
Horr: oy Mg 2 RGEHPIR SR &, uidt R G004 6 5
A, dy Bl S RSN RN, T f R0 o 7 5 K1)
IR A, T RS, 2 T R,
B® 1 A, Rl O,
BBE 2 FRf R R M A, LA 7E
T8y, Ry, S (21, 9, 1) € RE, W2
0
] s 192 >
LR SR B DL T (6 = 1,2) T, B
A,
S e T
s N 0P gy e s B e, A T

Oxs Ou
T a3 ARIPE LHe, Boe in SEFF 52N IE.
TEACIE BAA n] T, ) 75 AR R QR E 15 1
i

~ .

Lyn=x;(1=1,2), K RGEQ)ZRE N FIEA:

2

Y = sgn(gfl)ym + Y12,
2 3)
. 0fa
Yo1 = sgn(%)u + Y22,
Horr:
af

81’2 )x27

Y12 = f1 + di — sgn(

0
Yoo = fo +dy — sgn(aifj)u,
sgn( ) AT R Hyie (i = 1, 2)1F RF 5KIRE,
B E—Br 7RI 5K A A I SRR LI 2§, TRy
gt?%ﬁD‘F/ \é}ﬁ:
Y11 = Y21 + Y12,

Y12 = w1,

. 4)
Y21 = U + Y22,

Yoo = Wa.

W LAE 2, R RGEQ) R E i, BT B
XY R GU@REAT IR RGBT, PLSEILN R GL(2)M



864 oA R 5 N A

38 3

Pt ASCE I ESOFMME B HH A, 18 FH R 4u4)ik
ITER RGO, SRS Q) RS ey WHHE
&5 B ERER.
2.2 TRBPERERREL

IAFESRFE T — PP Ttise M e 42 i (prescribed per-
formance control, PPC)!' 7181 3% J5 38 e W5 7 14 1 fie
BK #(prescribed performance function, PPF) 1% % 48
ol N R4, LI 1 06| RGBS TERE R BT
Z L PPF S5 1R ZE A R HCR FH N T B G

o(t) = (0oo — 00)e " + 0w, (5)
{u;

N R ©
n==, (u)—an(l_M),

X o NiRZEL TR, BIPPE, 00 Mo 73 AN S AE
Fe I R ZE 0 KON, DRIEFIISIGE S et R
RIRERRZE, AR & e 5 1R ZE. @il
XA IE R, B AT ARUE RS IR ER IR ZE el /2
iRZy R 1718

—o(t) <e(t) <o(t). (7)

K(7)ZRHH, 1@ X o BT, T SISz 22 (A )
T R AR A 1R 22 AN SO FE (1) 225K, PR il e P e T AN 41
G EAE AR R EREXS o LR S .
3 A B AT BR 20 IR ) i B ok bR A O B
o
3.1 BUHEY ORI ES B it
ARG, BT RGH AT L R ZHIESO.
PR ZE AR bR BS 1 (), AR NIy R
FUWIERR
€11 = z11 — Y11,
én
Hi1 = —,
011

211 = 2o1 + 212 — B,

i . ®)
€12 = 212 — Y12 = 212 — (yll - 3/21)»
_ €12
Hi2 = —,
012
2:’12 - _512,’7127
€21 = Z21 — Y21,
_ €21
Ho1 = —,
021
291 = U + Zag — B217o1, ©)

€22 = Z22 — Y22 = Z22 — (.7)21 - U),
€22
Ho2 = —,
022

299 = — BaaNaa,

X i, ei0(i = 1,2) MR THRE, 211, 2i0 2
Vi1, Yao M. i 1F 9y B — B 34, W RLIE R B ER
Tl 70 o BB SRR AT SR, Ho i Sl B2 Nz bR T
ESO. 0y floo @& 2R Al THi% 22 BT 51 N (IPPF, & 1)k
PERARIEI IR IR ZE, RS 1R 220 A B 5 oR a1k
AE LA W 1. B 1 Bio A A W vH LI 28 250, iy
Ao A 2(6) IR AF AR L f R 2.
3.2 RSBk o b
F @) BN MR E T R
{ é11 = €01 + 12 — Brim,
é12 = —w; — Biatha,
{ é21 = €3 — Ba1Mp1,
é22 = —wy — BaaMae.
HRAR B2 AT 0, i, wo B 5, MR 5
lw;| < M3, i=1,2.

(10)

(1D

Mi3

i,
Bia !

Vg = 0.562,, F [&én5n [l 5, H|n:| >
M;s
Bi2
% Vo1 =0.5¢63,, F&eéo T [AlT, H|éan| <Moo,

ﬁViQ <0, ﬂ?%léizl < 0:25(

) == Mig.

M. . ;
By | > 20, BV < 0. 175
B
21
R M.
‘621‘ < 0'215(572212) = My,.

L Vi1=0.563,, FEeéy Snn RS, Hlés | < Moy,
My + M . )
—2 B, BV < 0. AR

B
] < UHS(MH + My,
Bia

PA b J3 #rm] e, sl i £ ] RE KK B0 H B, BA
PRUEMS TR ZE,, e IS T 105 M1, MW, H TR
ZEAR R R B RS ()] € [0, 1), PR B Al 1115 22 35 2
‘éﬂ’ < 0;1, ’éi2| < 0y, B THR Z2 306 2 T Wi i %
3.3 WEhEhl s Rt

ENXRGRER R ZEe = 2 — r, WO T A
T

| >

) == Mll-

s:hﬂ+é+hﬂmm§, (12)

Ho: kg >0, ko > 0,1 > ¢ > 0. FFWMERS) AT
RE o AT, FRAT(12)15

s =kne+ xs+ 212 — 7 + k1o tanh S, (13)

z1o TS ARILRC T d, BT, A3 T 1

. AR 2 RO R T 1%, BRAR 7 A2 RIA
SETE, P 1 ERERR 2 e FOCSIORG .



% 6 4] AR B A ARILRETPAAR SIS AR 5T R G s 5% 865
X3R5 HABN > |25, Nz LS. 4

)[1 — tanh?(£))é =

3—k116+e—|—(k€

(k:n+—[1—t nh?(< ) %
($2+Z/12—7”)+(1‘2+z12—7'«'):
(

ki + —[ — tanhQ(g)]) X

($2+y12 7) + (U + Yoo + 212 — 7). (14)
prike /(I IR W] EUTE R
$= —kgsgns(]s]% + 1), (15)

Hr: ky >0, p> 1
4 G (14)-(15), A 20 ME AR TIR, W5 7E
SR E V]

u= —l@sgnsﬂs]é + [s]") —
k
(ku+ =221~ tanhQ(g)]) x
(X2 + Y12 — 7)) — (Y22 + 212 — 7). (16)

AR A I #5(8)—(9), W y10FHyao I AL T 210, 2204
AR(16), 13

u=—kysgns(|s|” + |s[”) —
(k11 + %[1 - tanhQ(g)]) x
(2 + 212 — 1) — (220 — 7). 17)
T A WEA W AER: ) pAEEFELA
R HIp2s 3 Bunt s I T 8URK, 15453 s7EOF T

I 51 R u RIS E R ), S RG0S AR R . AL
B p— A KT 3; 2) e ANE IR, iﬁiﬁﬁlﬁizd\

XTS5 R B I8 R FE L R, H e < e, ﬁ[l—

tanh?(< (- . JIES USRSl ﬁ , AL I — A

UM@ﬁgmm@§%£ﬂ¢§%@Eﬁijt

(12)1£Aﬁ%‘$urﬁb% XL ER 2 Sy R — AR
55, FREXT I 6 R G AN %U%m IJH:&*EQ@?%
1E10 21X M8k,

3.4 lEEESISRE st

i3 W L G i

B Lyapunov i (V. =0.5s2, 5K S HHV, = s5. ¥
KANKAK14), 15

V. = s[—kusgn s(|s|? + |s|")—
(k‘u—i—%[l—tanh (g)])élg—ézg + 219] <
s[—kasgn s(|s|? + [s[")+
(kn +2%)M12+M22+N], (18)

k
(k11+2£)M12+M22+N N, > 0,

V. = s[—kysgn s(|s|7 +|s]") + V] <

1 N,
—ka|s|(|s]” + [s]" — 1?2)' (19)

AR, VIRIE S (|s]7 + |s|P — —)E’JE

. H—S oA, Mk, > Jaa‘, pe¥in

1 2 Smin > 0.
{i?ﬂa‘xﬂ‘v|5| > Sminap > 1’ ﬁ

1 N
I$+W—?>Q

Hrp smmxe?"%(p, )HT A

1 N
Bk +’3’p—,72 =0

IR, I, 2k, > 0.5N B, 2 H R (17) R LA 5
T (12)YSCE [~ Sumins Smin]-

AT A A (17) A R A5 2R B —sgn(s)
TEARANK E TN, 38 21 3) T4, 48 200 B Ay 01
BARTEAG TR 2. BfEs = 0, T3 BEARIE BREE 1R 2 e
SR AR 0. PR AR SCAAE $5 il B v v 389 n s AR A
SEVERTE BRI, T 20 505 IR L AL B (13) 1, FI
TR 22 A5 — R A ER. X R AT DA I (17)
(PRI B, AR IRl08E T VAT s (1) AR 1) it

TE2 REREWSIES T
H{Lyapunovifi 4V, = 0.5¢2, RSBV, =ee. %
}‘:EE;S >Ig‘q&ﬁ&§isminv ﬁ
—[ki1e + é12 + k1o tanhg T Smin]-  (20)

¥ ERANV, 5
V = —€[k11€ + 612 + k’lg tanh :F Snnn]

—k11€2 — k12|€| tanh — +
3
M12|6| + |esmin‘- (21)
é'\M12 + |Smin| — Ne > 0? EI/?%
!6!

“/e < —k'11€2 - ]{?12‘€| tanh — + Ne|€| =

|€|[—]{711‘6| klg tanh — | | + Ne}. (22)

&

le]

—k11|€’ — klg tanh? + Ne < 0,



866 B owo#H w5 N

muﬁm<emm< ° e > e I, BV, <0

BB R 7 fe| < emmHT Lot Rehu A
2, #METE 5 tanh E@E{%VQE/J\, &P

Ve = —elki1€ + é12 + k12 tanhg F Smin) <
—e[kire + €12 F Smin) =
Veo. (23)
M i g F0ST 45
0.5¢*> =V, < Vip = 0.5e3, Vt = 0
Bie < e9,Vt > 0, ¥h % Tik;y tanh fﬁ TR B iR 2
e FRIUSCSIGE B TR, b4k, Yikn?l‘ﬁlaﬁﬁ/«#? A
IR ZE A /NS IX TR], B T RS
4 FEEAE
Bl ERELN i SISOAEG 3 R4t
1—e™
1+e ™

Ty = + 1+ 1.2cos(2t)+

2
—1—x7

l‘g —'I_ l‘ge 9 (24)
iy =27 — 54 0.5sin(2t) + sin(0.1u)

0.1(1 4 23 + 1.5u*)u,
H: zyg = =3, 290 = =3, HEETr = 3.
X R G0(24) AL T UHESO:
o= (4—0.1)e ® +0.1,
012 = (80 — 1.5)e ™ + 1.5,
021 = (15— 0.1)e " + 0.1, (25)
099 = (150 — 2.5)e” 4 + 2.5,
Bi11 =5, P12 =15, Ba1 = 5, Bag = 15.
U1 Mg B A BEHTIETJEEEW&/\%%[” BN
A =v; — Yy, 1 =1,2,

Vi1 = V2,

A)|A* + sgn(via)[vial 1.
(26)

[, 45 B W R 2R S TR M 2% (line-

ar extended state observer, LESO)!'MWE A%t b

€11 = 211 — Y11,

Vi = —50%[sgn(

Z11 = 291 + 212 — 9€q1,

212 = -3 X 52é11, (27)

€21 = 221 — Y21,

Zo1 = U + 292 — D€a1,

222 =-3X 52é21.

BretidibpiEgEtalle LIRS

38 %
€= —T,
e
_ .btanh —
s =(r3 + 212) + 3e + 0.5 tan 0.01°
1.2 =
c =sgns[|s| "+ |s| ],
0.5
3 2 (k] + 21—
9C — Zo.
(28)
FERF W FAVE S AMET I SMC POYE Xt L
€eE=x -7,
s = ([,[,‘2 + 2’12) + 3e,
(29)

¢ = sgnsl|s|"” + |s|77],

u = —3(1'2 + 212) —b5c— Z929.

N T GRS 2% LI R G BRI R R
RIS A SO 4 A u BEAT PR IE AR B, fRFF|u| <
20.

1}?&2&%&[@1_7@?&

Kl 1-425 HESOMIt TH25 X b, mTRLE B, o
HESOMW SGH B 2 2% P T-LESO. B i A F2 SRy
B, SUHESORIfliTHRZ I B/ N FAE S HILESO. 1M
K3 &R, LESORIMETHRZIE T s~2 sI Bt EE = ANRETH
JELV DG, T SGHFESO M AT LUK R ZE (R FE(E V1T
AL SUE B

T T T

--------- LESO+ g sMC

- - - BUHESO+ TLHMEIMSMC
—=- IHFESO+ Il SMC

t/s
Bl 1 oz iRz

Fig. 1 Estimated error of x1

100 T T T T
--------- LESO+ B iSMC
50 - - - BUHESO+EAMETSMC |
2 --=- BHEESO+ B HESMC
& 0
T T]
,50 :"mw— : i
1 1
3 4
-100 1 L . !
0 1 2 3 4 5
t/s

K2 zoffithiiz

Fig. 2 Estimated error of 2



e SRS A JEVLEC TR AR FNhAS R HE (T 5 R Gui s i Bk 867
15 ' T, KIS, T ESO O B 0. TifEs B
1 -~ - BGEESO+ TAMETISMC | W, KHLESOM#E | RSt 52 Bk tH 45 R sem. B
5t FESELEESO HELERME AR 2 AE 0 JE S B — N Kot 34, SRJ5 218
S0 pe— Wegle, KK T BR8],
S PR ] |
e e 20 . . .
-10 f -0.5 kv 1 1 | | i 20 T T
05 1.0 15 20 25 i
-15 | 1 1 1 10 0 ’__“.c_'_ ______ = T
0 1 2 3 4 5 b o L .
t/s s 0 £ 0.00 0.05 0.10 .
3 yoflithiRzE 1o e LESO+#ESMC |
Fig. 3 Estimated error of y12 :'_' zﬁﬁzgiigﬁdbﬁghdc
. . . 2% | 2 3 4 5
--------- LESO+ Hti#SMC t/s
- - - BUEESO+EAMETSMC | )
—-—- BHEESO + B3ESMC i B 7 kN
& Fig. 7 Control input
............... ol T —J5 T, BE6E R T SMCH #M T e 3k 18 .
2.0 25 30 | ALEFMET I SMCRE W B HR 8k, FF HAEFRAS X [a]
2 3 4 5 WA H H/NRERRZE.
t/s il 2 A SRR Ty v N AR A AT AR

4 yoofiTHRZE
Fig. 4 Estimated error of yoo

4 . . ' '
t"
2k i
s of — K4 i
......... LESO+#tSMC
Hi - -~ BUEESO+LAMETISMC
--=- SEESO+ Bt SMC
—, L L : ;
t/s
Bl 5 fe4-ERiEEihZe
Fig. 5 Tracking curve
T T T 5 I
......... LESO+ EikSMC
2t - - - BOHESO+ TLAMETISMC ]
. ) --—- BUHESO+ it SMC
L
I Y araem ™ 0.05F ' ™
© 2k S L. S~ 7T~ I
0.0r l"l’ ~mnmE 0.00 :".:.'J‘"'!r.r.:m?....___.;
b -02h 1 )
Hi i 11-0.05k L —
L0 1 L2 3 4.
0 1 2 3 4 .
t/s

K6 fEERERR A
Fig. 6 Tracking error

B5-745 T iEHI RS0 AR, al LUE 2, B
T EGHESOMEE 1A THERE BRI N, FEAK 18,
b T IRG, AT R R GE LIS 5 BRI SRS
S BT . ERTAE90.5 s, LESORIE THRZEILAE

TS A 24 . R P AT S A e
TR, TG GAT S )2 B 121220,

. L+Tsina gcost
=W, — + )
mV % (30)
.M,
Wy = —/,
J,

HA:ayg=-3°%w, = -3, G 5a =3 L=
qS, M, = ¢, qSI. efilc,, FEAXWIT:
a=c +ca+c s, + " ad,+
cf‘ch + cfzéf + Aqy,

Cm, =€ €0 a5, + 2 ad, +

m

€29

cf‘:zaz + c%z 62+ Acy, -

ATLVE R, WTHAEI S ER TR R 2R
LR . BB S HARLAMEAR SR, LA b PE
SRR RCR IR A (22, X R 48 (30) At it
ESO:

o1 = (4—0.5)e " +0.5,

012 = (400 — 2)e™ 2" + 2.0,

021 = (6 —0.5)e % +0.5, (32)
092 = (800 — 5)e™* + 5.0,

511 = 57 /312 = 57 621 = 57 522 = 5.

11 Moy I8 T (26) KB A 7 a8 SR B AR L
LESOHIF:

€11 = z11 — Y11,
(33a)

Z11 = 221 + 212 — 20€11,

212 = -3 202é11,



868 a5 MM 38 %
5 1000 T T T T T

€21 = Z21 — Y21, : ;
- — LESO+ g SMC
221 = U+ 299 — 20é21, (33b) - — - HUGHESO+ TCAMZIMSMC
. 9. --—- BOKESO + iU SMC
Zog = —3 x 20 €91. o
G HR T N
e=a—a,
s = (w, + z12) + 4e + 0.2 tanh ﬁ, 0009 05 0 s 20 25 3.0
1.5 2 ' t/s
a—%nwﬂo;ﬂﬂ B B 11 yaoflithissz
. e . .
5, = —[4+ ——(1—tanh®—)](w, + 215)— Fig. 11 Estimated error of ya2
60 — Zoo. 4 T T T T T
(34) LS ]
PRI S AMEINISMC S 55 L, fefkio, tidk < . é’,'
— o = N 12 A 7
(IR, (515, | < 25°. Sl I e
1 ELLE I8 15 7. 2 - BEESO+ LA ESMC ]
/ - FOIESO+ B3 SMC
4 T T T T T -4 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
4 t/s

Bl 12 SR h 2
Fig. 12 Tracking curve of angle of attack

--------- LESO+ i SMC
- - - BUHESO+ L HMETHSMC | 5 : : : : :
--=- ALESO+HHLSMC
05 1.0 L5 2.0 25 3.0 op g , , ,
— £, 0.00 & 4
t/s S -2r éf;t =002+ ___ 4
K8 ffliitirE S i;-' -0.04 —I,;— o :0 _
N . b
Fig. 8 Estimated f angle of attack - LESO+ el SMC
1g stimated error or angle or attac -5 Vo E&iﬁESOJrJ[;?M%—fl—DjSMC i
400 . : . : . - HEESO+ HGLSMC
--------- LESO+#HSMC 0.0 0.5 1.0 15 2.0 25 3.0
200 - - - PEESO+ L HMIRASMC e
/-‘\ —-—- HIIESO + BHLSMC 8
D Bl 13 BffiREriR
= > A Fig. 13 Tracking error of angle of attack
« o b
-200 i
_5 i 1/ 1 1 1 1 1 1 T T T T
02 04 06 08 1.0 12 14
-400 L L i . L - R 1 I— LESO+ B SMC
0.0 0.5 1.0 15 2.0 25 3.0 o o HOHESO+ TAMERSMC
t/s by ——- UESO + HHLSMC
B9 el iR 2 = I
Fig. 9 Estimated error of pitching rate S =
20 s T T T T T
- J— LESO+ B HLSMC 10 ' T T 5 5. X
o L - - BGEESO+ LHMEHSMC | 0003 0 2 0 S 30
o~ - KHEESO+ Uk SMC t/s
i; 0 ,% . . , P 14 i sd e v
« £ 01 E“f R Fig. 14 Response of pitching rate
,IO [ = ) = s o
-1 f I i N
o 05 o 15 FI8-1145 tHESOMIfli T4 RAGXSLE. ATLAE 2], 24
0.0 05 10 15 20 25 30 BEESOR kA& R IUATI AR T LESO. Bk A1 i3 Al
tis THRZESL, FAAG TR ZE YA RE R LI T 4y F
B 10 o ittt Yoo FIE TR ZENIZEWRRS B T IR KR L,

Fig. 10 Estimated error of y15 Futdl R G0 R T I BN



Fo

AR B A ARILRETPAAR SIS AR 5T R G s 5% 869

12-15%5 T # i KA R B 45 R, T LESO
B SRR AE RIRAE RS, S AR TERT460.3 s
fik A RS, I 52 HE IS T 9 95 B 2. 3 )R 7 TR AT
FRFEHIIN S AL Ay B L. 1 SGESOTEY]
URIIARIEIL R A5 H G, At 22t Rl U s a0, A,
PR A E— AN B R, 2 Ja il PR AR
TRBYBL, JRI5%E BRI %, K13 JE 7R HAMETR )
HCHE R AL A MBI A SMCHEQ.5 sBE 58 B 8k, B
AT IR ZE WA BN T ICAMER T

30 T T T T T

Sl e LESO+G#SMC ]
- - FULBSO + LAMEISMC

SRR I —-—- HESO+HSMC

= 0N .
wy 20T

10 H i
“20H 4

—30 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

t/s
B 1S R O £
Fig. 15 Elevator deflection
5 &g

AT S BSOS FEAT i R G 3 AR 4y B
B3, FE R FHESOHEAT At v, AN 75 BT AR 1
I E 0. P RS BR A AL % 1 S8 D ESOlE A i i
(PR R AR L. [R5 A E 7 AEILRL 4k
PN, 15 BT R f 7 RS R FAG T 45 SR Ak 3
AEVCEC TR, 3 s wilis B2 M i ISMC 7 R7ETH
R W FR IS I T AMETI, 3815 7 SMC S S 2,
BN T RS IR 2, L T ESOfL iR Z 05 R 551
S A, R FESOM Al THE AR F13E 7 1 R AR AR T
N—ASCERM I RS, e T SMCTE R I 75 B4
B OB 2 O 0 1) B $R 98 7 SMCH B S .
Rk, ASCRTEE A 3E T SO ESORISMC T Rt — Fh i
YA R UE R TP AR RO AR 5 22 0 R i 4% 1] 1] 7
IESEN GaREN

SEHk:

[1] GUO B, CHEN Y. Adaptive fast sliding mode fault tolerant control
integrated with disturbance observer for spacecraft attitude stabiliza-
tion system. ISA Transactions, 2019, 94: 1 -9.

[2] JIANG Daogen, JIANG Wei, PAN Shihua, et al. Adaptive inte-
gral back-stepping sliding mode control for an uncertain nonlin-
ear systems. Control Engineering of China, [2021-05-28]. https:
//doi.org/10.14107/j.cnki.kzge.20190593.

(TTIERR, VT4E, Wi, 55 AN e JELe i R G & R SREA AR
Fa ). 2 ) TF2, [2021-05-28]. https:/doi.org/10.14107/j.cnki.kzgc.
20190593.)

[3] LI Yaqi, LI Wei, CHEN Yingpeng, et al. Active suspension inversion
sliding mode control strategy based on RBF. Journal of Mechanical
and Electrical Engineering, 2020, 37(4): 425 — 428.

(MR, 250, BRI, 45, ZEFRBFI SRR R R i S
7S, HLHL AR, 2020, 37(4): 425 — 428.)

[4] YANG Y, YAN Y. Backstepping sliding mode control for uncertain
strict-feedback nonlinear systems using neural-network-based adap-
tive gain scheduling. Journal of Systems Engineering and Electronics,
2018, 29(3): 580 — 586.

[5] YANG X, ZHENG X. Adaptive NN backstepping control design for
a 3-DOF helicopter: Theory and experiments. IEEE Transactions on
Industrial Electronics, 2020, 67(5): 3967 — 3979.

[6] ZHANG Qiang, XU Hui, XU Dezhi, et al. Finite-time convergence
backstepping control for a class of uncertainaffine nonlinear systems
based on disturbance observer. Control Theory & Applications, 2020,
37(4): 747 -17517.

(Ko, VRRE, VPR, S5 BT IS A0 — A e el et
RYi A PRI AU S backstepping 2. FEH LS 58, 2020, 37(4):
747 -1757.)

[71 ZHANG Ying, GONG Yongguang, GUO Yajun. Application of adap-
tive fuzzy backstepping control in machine tool permanent magnet
synchronous motor position control. Machine Tool & Hydraulics,
2020, 48(5): 119 —123.

GRE, PUKOL, $EEE. B G A S I FE LR K [ 25 b
R B IR . HUR S5TRE, 2020, 48(5): 119 - 123.)

[8] MAHMOODABADI M J, SOLEYMANI T. Optimum fuzzy combi-
nation of robust decoupled sliding mode and adaptive feedback lin-
earization controllers for uncertain under-actuated nonlinear systems.
Chinese Journal of Physics, 2020, 64: 241 — 250.

[9] ZHOU Y, TAKABA K. Optimal landing control of an unmanned
aerial vehicle via partial feedback linearization. 2019 International
Conference on Advanced Mechatronic Systems (ICAMechS). Kusat-
su, Shiga: IEEE, 2019: 218 — 223.

[10] HUANG Yonghua, WANG Changsheng, HE Shutong, et al. Balance
control for a two-bared and two-wheeled vehicle robot under syn-
chronously bars turning. Control Engineering of China, 2019, 26(7):
1262 - 1269.

GEFE, EERE, FIAUH, 5. WUEACHE LA N R
HWEFT. 42T, 2019, 26(7): 1262 — 1269.)

[11] CHEN Longsheng, WANG Qi. Adaptive robust control for a class
of uncertain non-affine nonlinear system. Control Theory & Applica-
tions, 2015, 32(2): 256 — 261.

(FREHE, E3a. — AR LRI T RS B G RS ). 12
HIFE SR, 2015, 32(2): 256 — 261.)

[12] GAO Yang, WU Wenhai, ZHANG Yang. Active disturbance rejection
backstepping control for uncertain nonaffine systems with asymmet-
rical input saturation. Control and Decision, 2020, 35(4): 885 — 892.
(FiBH, S0, 360, AR N AR T AR DT AN E KRG A Bt
oS, 2] 5 P, 2020, 35(4): 885 — 892.)

[13] HU Yunan, CHENG Chunhua, ZOU Qiang, et al. Indirect adap-
tive neural networks controller fornon-affine pure-feedback systems.
Control Theory & Applications, 2014, 31(4): 467 — 478.

(Flzzz, TR, 4R, 55, AROiSTalIR B R GERI I3 B il A4 Y
gy, FEHIERR SR, 2014, 31(4): 467 - 478.)

[14] CHENG Chunhua, HU Yunan, WU Jinghua. Auto disturbance con-
troller of non-affine nonlinear pure feedback systems. Acta Automat-
ica Sinica, 2014, 40(7): 1528 — 1536.

(PR, a2z, RE. ARG A SR Lt R G B BTtz
H 64, 2014, 40(7): 1528 - 1536.)

[15] KHALIL H K. Nonlinear Systems. 3rd Edition. Upper Saddle River,
New Jersey: Prentice Hall, 2002.

[16] PARKA J H, PARKB G T, KIMA S H, et al. Direct adaptive self-
structuring fuzzy controller for nonaffine nonlinear system. Fuzzy
Sets and Systems, 2005, 153(3): 429 — 445.

[17] BECHLIOULIS C P, ROVITHAKIS G A. Robust adaptive control
of feedback linearizable MIMO nonlinear systems with prescribed
performance. IEEE Transactions on Automatic Control, 2008, 53(9):
2090 — 2099.



870

w5 MM $38 %

[18]

[19]

[20]

[21]

[22]

BECHLIOULIS C P, ROVITHAKIS G A. Brief paper: Adaptive con-
trol with guaranteed transient and steady state tracking error bounds
for strict feedback systems. Automatica, 2009, 45(2): 532 — 538.
ZHAO Zhiliang. Convergence of nonlinear active disturvance recjec-
tion control. Hefei: University of Science and Technology of China,
2012.

(B ER. ARZ M B PUIRIEH] . &L T E R R AR R 2,
2012.)

YANG L, YANG J. Nonsingular fast terminal sliding-mode control
for nonlinear dynamical systems. International Journal of Robust and
Nonlinear Control, 2011, 21(16): 1865 — 1879.

BOLENDER M A, DOMAN D B. Nonlinear longitudinal dynamical
model of an air-breathing hypersonic vehicle. Journal of Spacecraft
and Rockets, 2007, 44(2): 374 — 387.

PARKER J T, SERRANI A, YURKOVICH 8§, et al. Control-oriented
modeling of an air-breathing hypersonic vehicle. Journal of Guidance
Control and Dynamics, 2007, 30(3): 856 — 869.

& R A

& B R4, FENE ITRIEL N, Skt
#1578, E-mail: zubin0618 @ 126.com;

PhERE L, 2R, FEAG R AT B ) A
b BRI SHS . SHUE TS REPFRPEIT, E-mail: srscom@163.
com;

PRi&® s, EENE AT BERES Sl
ZHFFIIT, B-mail: chenjieqing @njust.edu.cn;

B A6 1L, BIEeR, EENEDFRSN. 28 6eMEN. RS
1 PA R B8 71 7T, B-mail: wchen@njust.edu.cn;

PRI Wik, TR, EENESH. HF 5%, E-mail:
yandw3201@126.com.



