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Active disturbance rejection backstepping control for uncertain nonaffine
systems with asymmetrical input saturation

GAO Yang', WU Wen-hai, ZHANG Yang
(Qingdao Campus, Naval Aeronautical University, Qingdao 266041, China)

Abstract: An active disturbance rejection backstepping control (ADRBC) approach is proposed for a class of nonaffine
systems with dynamical and external uncertainties subject to asymmetrical input saturation. Firstly, by extracting linear
control items directly from the nonaffine terms, the nonaffine system is transformed into an affine nonlinear form based
on the ADRC ideal. Then during every step of backstepping controller design, an extended state observer is introduced
to estimate the total uncertainty of the system, and a tracking differentiator is used to solve the ‘computer explosion’
problem of virtual derivatives. Finally, a novel auxiliary system is designed utilizing hyperbolic tangent function to
compensate the control variable deviation caused by input saturation when designing the real control law. According
to the Lyapunov stability theorem, it is proved that all signals in the closed-loop system are bounded, and the tracking
error can asymptotically converge to an arbitrarily small region of the origin. Numerical simulation results show the
effectiveness and a certain engineering application value of the proposed approach.
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TESE bR Z 40, BT 4 BRI 45 A 55 DT 25 1) PR A6
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PE w (6) ARSI R TH v € RAPAT AN,
w(v) S VAR 52 e B PAT 25 50 L
FEXF R A AN SZ FRASE AL o (v) W R

umaX7 v > umax;

U(U) = Sat(U) = U, Umin < v < Umax; (2)

Umin, U < Umin-
HA U > 0, Umin < 0 H [tmax| # |[tmin| & TR
LN F PRAE.
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Ofn(x,u)/Ou. AFR—MMEAFAERFFEEO < bj; <
b2, 43 g;(-) € (bj1,bj2),7 =1,2,...,n.
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y = F(y7 u, t) + b0u7 (4)
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Pl KT RG0 (@), Wit APl R EAE LR
3HB5Y.
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MTFRFEQB), 2 Gy, w,u) = fy,wt)) + b(t)u,
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A b(t) = 0G/ow.

Ik, 3BT R 4 (1) AT ARy

= Fi(x2) + bixo,

Tpo1 = Fn—l(mn) + bn—lxna ®)
In = Fy(x,u(v)) + byu(v),

Yy=2a.
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F1($2) = fl(wz) — bz,

Foo1(xn) = fa1(Tn) — bu-12n,
F.(z,u(v)) = fo(z,u(v)) + w(t) — byu(v).
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BET R A )

 kier +z12 — o
@ =——"FT—.
by
ok > 0BT S5 17 FH TD(6) BRER 0y

FEIRIL a1, H va1 — a1, ve2 — ay.

(10)

HY Lyapunov & £0A
1
Vi= 56%, (11)

%Xez =g — V21,2 = Vo1 —a1,& = Fl() - 212,51\”
B 22 = a1+ G+ ea, EHE (9 (10), 52 (11) R F 7T
5
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3 1 1
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)

1
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KRR E o HI, e UG T RS (9) RN FPR
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Vi1 = V42,
Uio = —R?|v;1 — a;—1|“sgn(vi — a;—1)—
Vi2 B
R2 % Sgn(viz).
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Xt (13) Wit ESOftiit Fi (),
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Hvu ks > 0NFRFBRTHSHL FI AR TD (6) BRER a;
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HY Lyapunov B8 0N
1
Vi=Vi_1 + z€i, (15)

EX eiy1 = Tip1 — Vig1,1,Gi41 = Vig1,1 — i, & =
Fi(-) — zi, &3 (13) (14), X X (15) K F AT 43
"/i e

i1 i1
€i€;— Z ki€ +bire;_1e; + Z ej(bjCit1 +&5) =

=1

Jj=1

i i
- Z ki€l + bieieir + Z ej(bjCit1 +&5) <
Jj=1 j=1

: 3 1 1
j=1

M, =) (03¢, + ). Ak, Heipr = O ff
j=1
@ MARGEH TN, L e; = [er,....e]T K =
diag(ky —3/2,...,k; — 3/2), M= (16) I 5K
Vi < —eKe; + %wiv

EPR o, HI, e AT RS (13) &N TR
BRTH.

stepn: R n T R G, FIFH TD(6) BREE S n —
LB 7 R GEH HE % 1),y FFRIBOL T gy, B

'[}nl = Un2,
®n2 = _R2|Un1 - an71|asgn(vn1 - anfl)_
Un2 B
R?| 22| sgn(vps).
R gn(vn2)
X‘j‘%?{&ﬂﬁﬁgi%%@n = Tn — Uni *TEJA‘, m?%
én = Fy(x,u(v)) + byu(v) — vpa. (17

Xt (17) %Kit ESO it F, (). A

En = Zn1 — €En,

an = Zn2 — 601fc1(5n) + bnu — Un2,

2712 - _ﬂ02fc2(5n)-
H T4 A AN IR 1, S BSOS R o 5 SRR
B oo Z [BAEE R 22, I, 51N G0 4 B & Gont i 22
BEAT M2

X = —ky tanh x + b, (u — v). (18)

Hod  ONPUBAIRMESHL, tanh(-) € (—1,1) B
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ESUBIEIRESIRE R ZE e, = e, — X, KT TH
€, = F,(x,u) — vp2 + ky tanh x + b0, (19)

EURETTTIN

v =
knén 4+ bn_1en—1 + 2n2 — vp2 + ky tanh x
bn

HArk, > 0NFRFRITSEL

HY Lyapunov BR N

Vn = anl + %éiv
TEXE, = Fo(v) — zn2, @A 70(19). 20) XX (21) R &
CIES:

Vi =
n—1
~ k 2
€nen — j€5+
Jj=1
n—1

bnren1en+ > €i(biGii1 + &) =

j=1

» (20)

2n

n—1
— knll 4 Enn — Y kil
j=1

n—1

bnrenax+ Y ei(biG+§&) <

j=1
! 3 1 1
E 2 ~2

n—1 n
Hrfrw, = 020, + ) & +00 1 o, W
j=1 j=1

j=
/Z%é}‘ﬁaqq:?jtﬁbﬂ)\,é’\en = [61; cees€n_1, én]Ta Kn =
diag(ky — 3/2, .. kno1 —3/2,kn — 1/2), 1l 2% (22)
5 N

. 1
Vn < _e;l:Knen + iwnp

KPR E w, AR, e, HA T RS (19) 2ZHAZ
REREN.

MRYE PR BT I FE A5 e B L.

EIBL1 5T T 52 AR FR 4 N AN L 5K 0 A 175 5
ANHHRE RGE (1), 7R3 R 1 RV 2 2644 R, it
Wi (10)~ (14) B9 R FO4 R AN 4 =X (18) + (20) A 5K
B, AR EE B k(i = 1,2,...,n) Rk, 1 3R
RAWFTAESH R, HIRERZ e = y — vo WK
U JFE A A BN, 1% B T T BE &, A R ()35
Kk EER /D,

UEBA 1) U BI R 481 Lyapunov BRECH

1

V, = 5;(2. (23)

L lu—v| < tp, HePan NIEH L 456 xtanh x >

0 A=K (18), %20 (23) 3R T 1 15
Vi, = — kyxtanhx 4 b, x(u —v) <
(—ky [tanh x| + byiiar)[x|-
Lk > kyltanhx| = byt WAH V, < 0, A x
A AR B A A S| BRG] #20]1, (i =
1,2,...,n)H5
2) HUAIPA 2 48 1 Lyapunov BR A

n—1
1 1.
V:Vn:§§ e+ -éa. (24)
j=1

X 24) RKFAHRA(22). &k > 3/2,k, > 1/2,j =
1,2,...,n— 1,8 W EE:
Wy, }
2k; — 3

2= {ej‘|ej| <
J

~ Tn
2= {e 2kn—1}’
%337énﬁ%ﬂ%?%%Qj,an&l‘,wv < O,Jﬂﬁej
e, A5t H—PHh, 54

. 3 1 B 1
V= 215}2271{% b 5}, W= 5Wn, (25)

MAEV < —pV + w, WA 15
w w
v<Z4(vio)=Z)en,
i (Vo= )
ENRGMIRERRZE 61 = y — vo, WH
Jim lex(t)] = Jim lex(t) + ()] <
Jim 2V () + Jim GO <p+ Jim G ()]
Hr:p = V2w0/pu,( = vi1 — vo. HI(25) 7 A,
pbE k(i = 1,2,...,n) E‘Jiﬁffﬁvﬁfb,ﬂﬁklgﬂmp
= 0; CHI 51 B 1A R, (¢ | BE R A KT sk /s, HoAT
Jim |G| = 0; BUR 5 K10 ke AR, BT DAL &, U8l
BRI,
3)Heé, = e, — x A x e, HRAH, e, th2
FHRr. O

3 HEE

AT I L PR B 7 LR BRI AR SCITVE A 2K
PR N R 77, AN BA51 159K F 3 b AN ) £ 42 i)
TR AT T BB UE, A SRS 1 N e AT RN 2 R
(1) B PLPt s ), LAy
_knen +bn1€n-1+ Zn2 — Va2

b ;

TR 2 9 32 i NN 29 B A AN AT AL 3 B
PUH Sz i, sl

{U2 _ _knén +bp_1€n—1+ 202 — Un2

én] <

Uy =

bn ’

ug = sat(va);
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X = —ky tanh x + by, (u3 — v3), Qg, _30_?;_55 !

v = :L o :, ,._/—"

_(knén + bn—len—l + Zp2 — Upa + kX tanh X) “'Ijr', Up ===y woeeee 0y

bn 7 —9o ! x
0 2 4 6 8 10

us = sat(vs).

PiE1 BEW T AR A E RS0

iy = fi(21, T2),
&y = fa(z1, T2, u) + w(t),
Yy=2xz.
Horb: KGR AN HBhAS
fl() _ xle—o.sm + (1 + e—O.lmf)xQ_i_
0.5sin x5 cost,
f2(0) = 22 4+ 0.15u® + (0.1 + 0.1z2)u+
sin(0.1u),
ARFF P w(t) = 0.5sin(10 ¢), 72 i\ 1A IR
1Ey\jumax - 57umin - _3
SRR, = 1,y = 1,2 WIH{HE
21(0) = —1,22(0) = 2, TDSH W ENR = 20, =
3,ESOZ KW E N o = 100,802 = 1000,7 =
0.5,6 = 0.005,#FHIBW/SHEENL = 3,k =
15,k = 17, BUEREEZH (G T vo(t) = 0.5(sint +
sin(0.5¢)), FA 25K h = 0.001. S 47 3 45

1~ E37R.
3
& 2r ST N
=~ 2 N
g\\l 1t l . \
) EL \.
N NG
I
-1t Vo Py ==Yy e V3
-2 ,
0 2 4 6 8 10
t/s
E1 HUBRERSR
10

2 SEFREHISA

B3 itEHmA

1 PR R G0 7E 3 42 ) g T B B PR R
RO, FEXF L (R 4 B 23 S sy . HHET T
A LAE e 1) yy 5 SCHR [17] 5045 i g 2 AT R A R
U F PR RSO, (E 4% ) o ey T e AR, DA T R A5
TN 2) ys R Ty B RAR T yo, RUIEZ B0
ONVEFIBR ) BRI 5L, AR ST T4 L (4 ] SR A7) e £
R RG A A IRERTERE.

] 2 01 8] 3 43 9 % 2 3 o ] SHEmE T ) iz o 425 )
MBS R AT VR e D) T A S e
BN AMEML, L0 R G (4 ) &y AR, X TE
SCHR [27] 1 B4 BHESE: 2) R 5 A ML AT 2 T,
TIREHK, FEIEH R ooy vy WK 3) MG 2 T
2 1) 2 A A B T e S N A T ¥ DA B 29, A6 g RE R
B R, 3R G e B 08 B 4) HERg 3 Rl
HMEAE g PR 0 25 1 AN I OR 455 75 L ARV [ 9, 6
45 IR ER IR B IR SR )N

ik — 25 A 78R I, 247 R0 52 PR e 4 R ROk
150 % % [—2.5, 1.5] I, AN AR F i 4 Z 8, R Gi 0
RE BT M R K7 SR A ) R ER R R, an B 4 B, e ys
Yas Y5 73 AR BLE L ANSE [ O (-3, 5] [—2.8,3.2].
[—2.5,1.5], T SR M& 2 W) 2> S ECR Ge R, RIA TS
RN SRR A — 8 & et

1.0

(=)
W

Vo, V35 Va4, V5
S

-0.5¢

B4 TEZREERITREEGR
PR 2 B AR SCIER T m Al kAT 3 R
Gt LAS6IE HA 2ot A T RE S . ik, SR NASA
Langley iff 7 H O &AL (1 477 B RY 281 {15 R AT 28 4F
e B A I RAT, KAT R R = 33528 m, KT
% Ma = 15, LI FIE k1R
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1
a=q-— m—V(L+Tsina —mg),
1 (26)
— M, + w(t).

Iyy

Horn: L M, 53 5T 23R 7556, Rk Xk
L =0.5pV%5Cy,

q:

Cr, = (0493 + %)a;

My, = 0.5pV?Se(Crta(a) + Cria(q) + Cua(6)),
Cra(@) =

107%(0.06 — eMa/3)(—6 56502 + 6 875 — 1),

Cva(q) =

(%) (1.37 — 0.025 Ma)(—6.83a2 + 0.303a — 0.23),
Chia(6) = 0.0292(6 — a);

SR E AT w(t) = 0.3sin(2t); an ¢ F16 535 il
FH s AREAD £ T RE R B AR AR e A1, HLA G = 15°,
Omin = —30°; FAt Z K W OCHR [28].

L = o, = qu = 6,Hb = 1,by =
0.0146pV 2S¢/ I, RIT 45 3K (26) 22 #9350 (8) HITE X
IR A R . Kb, TDZ B E AR =
10, = 3,ESOZ ¥ & 5 LM [, 4% i 4% =
BEBNE = 12,k = 25k, = 15. 2YHME
21(0) = 2,25(0) = 0, WEEMIRERE T vo(t) =
—20° cos(7tt /5) + 22°. 3z MG KX L4 L )
TN A Y1~ yo Tl ys, SEBRAEHAN 7 58 w1~ ug Flug, 52
0 FL 48 SR AN B 5 A 6 . W] BUE e H PO
P VE AT A AT RS R G A R A

50¢

40¢ TN ?

\
20 \ \
1ol \ \
N A\ N

10 15 20
t/s

5 RFERERENLE

al(®)

(=]
W

o /()

6 Frigfeimit ALk

SRV A (RS 1); (ELZE R AN AN TR0 R, 2R ik
SRR B 2 B GRS 2, Ao > 10°); T R
FH A S 1) S T A5 2> B G b B, A T
(et £ R A BT 1) PR AL S 9, 30 1
A0 £ 7Y A Vi 7 ) L R (3 3).
4 & ®

AR SCEE R — B AT A R AN A2 SR A AR 0
BRI E R, 4 A A BOR AR AR, B T —
BT % e T A B A, KR
197 51 2 G065 A0 R A7 5 IR 26 1 B X 7 BRI A b kAT
TR BT, RGN E P b TR S W
WS T UM, BN T — i B4 B 2 G \
B F 42 ) B AR 22 AT A M ARATE T PR RGLERIN
2 IR (R ST BRI 1% 7 3 B T B 4 ) 8 4 17 8
& F TS B S, 5 T TR S I B0 B AE T % i
(7 20, SR T %07 1 B R I S RIS
Y, B — 5 1 R F A .
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