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Cascaded Linear Active Disturbance Rejection Control for Uncertain
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Abstract For a class of SISO (single input single output) uncertain nonlinear systems with input constraint and
output noise, an anti-saturation cascaded linear active disturbance rejection control (LADRC) method based on er-
ror compensation and engineering filtering is proposed. Firstly, aiming at high frequency measurement noise, the
amplification mechanism of linear extended state observer (LESO) and its quantitative relationship with LESO gain
are analyzed. On this basis, a cascaded LADRC scheme using engineering filter is designed to remove the noise
while compensating for the amplitude and phase losses of system output caused by filtering, which ensures the
tracking accuracy of closed-loop system. Then continuing to consider input saturation, using the real-time estima-
tion/compensation capability of LADRC, the saturation difference signal is introduced into LESO, thus an anti-sat-
uration LADRC scheme based on error compensation is designed, which effectively reduces the designed control
variable and avoids the system falling into saturation for a long time. By real-time simulation comparison, the ef-
fectiveness of the proposed method is verified.
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1.1 ARGk

B4R 1) SISO (Single input single output)
ANl E AR R G

{x(ﬂ) — f (x(n—l)’ e j;7 x, t) +w+bu (’U)
Y=+ vm

H, 2 RRGREZE; y NEA SIS v 1
R () NREAHERINTNE; w
RANETFIL; b B AR A E A R, W L
by < b< by, by, bo NEE v NPATEREIN, v (v)
S MR P 52 e B PRAT 24, AR A oy

Umax
U’
Umin

AT g > 0, iy < 0 A9 EV A0 PR PR
HUH L bo € (by, b2), THHE (b —bo)u (v) 1EAAK
IS B, IF0% R GEHTA (0 R T 24 1F 3 A
Fgl)=f()+w+(b—by)u), BURELEr, =
Ty wy =iy ey = 2D SRJER ARSI
BREZE 2,0 =9 (), Hili, =h, Rx=[n
o] ARG (1) K TR A5 23 18] I 72

(1)

UV > Umax

u(v) =sat(v) = Umin < U < Umax

(2)

UV < Umnin

To -
& = Az + bu (v) + ch
(3)
y=dx + v
0 1
/\EF‘, A: : ER(n+1)X(n+1)7b:
0 0 O 1
0 0 0 0
T T
0 - 0 by 0] ,e=][0 0 1], d=[10

0], Hb, ¢, d € R*1.
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E L BT h=g () AUERE ¢ KRR E, i
o Ml B E, BRI AR OE |h] < M IX— 26 HR A
15 2 FRSAG 0, 10 AR 4R Lk B AT 78 mT AN 0 o T R
RGN, FTRE] |h| AR T RG AL THAER
BR R ZE R A, HIX SN R G0 pr R sk, s
br b, BRIV h A IR 2 G2 RE R
W, RSB il R v i — 2 R

1.2 ZMBEHmES

XTREG (1), A RS20 F R i H g
I, ArEF T N LADRC #5831 & i 2R iR
BRI (Linear tracking differentiator, LTD).
AP FRAR A WL 28 AN 2 MR 12 22 Bt (Linear
state error feedback, LSEF) =B340 k.
1.2.1  ZMIRERM YRR

LTD 7E LADRC A glsr, HAEFITE T IR ER
25 T RIS 5 v IR B B IME 5 o),

B v1 — vo, vig1 —>v(()i), i=1,2-,n R v=[v
vy oo vppa]T, A LTD RoR N
v = Apv + brpryg (4)
0 1 0 0 7
0 0 1 0
Hr, App = : : : ; <
0 0 0 1
_aan+1 GQRn aan_l an+1R_

R(n+1)><(n+1)’ bTD _ [0 0 —aan_‘_l]T c RTH_I,
RN URGE SRR 2B I a, REL o5 (=1,
2, n+1) WIHLHMEA Z Hurwitz i, A=

o 1 0 - 0
0o 0 1 e 0
c R(n+1)><(n+1) .
o o0 o .- 1
a1 a2 as - Gpil

1.2.2 M ARSI S

LADRC ff5 R A9 361 1tk A0 45 1 1F A2 2k T
LESO X &4t 2 $Lah i s kv, B LESO &
LADRC M OHA. & 2=[z = Zns1]’
NARGUIRG @ WAk, RS2 3N w - Sy 7T

F3& G R 1) LESO:
{%iAz—i-bu—i-Qk(g}—y) 5)
y=dz

Hrp, Q=diag{1/r 1/r? 1/t e
TS (F24T LESO Mai MEE), k= [~k —k»
_kn+l]T7 %ﬁkj (.7 = 17 27 Ty n+1) %?‘JV%E

k1 0 - 0
FEME K2 Hurwitz (1, K=| @ @ - €
| k0 0 - 0]

R(n+l)><(n+1).
1.2.3 ZMRESRERE

EXRERIRERE e1 =21 —v1, e2 = 20—
Vo, ey €n = 2y — Up, B REXT BN 2,0 HSEHT
*ME S e = [61 € en}T, A N LSEF:

_let v — 2nq

Hp, 1= bp - 1), 7L (i=1,2,--,n)
0 1 0 --- 0]
0 0 1 0
TR L= e RV A
0 0 O 1
b B ]

Hurwitz 1.
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2.1 IR
B, ZRSHm N A R . € X LESO 11t
wrhEe=x—z, HP, e=[e1 e 5n+1]T,XﬂL
Hrst (3) Ak (5) k', I
€ = (A+ Qkd)e + ch + Qkuvp, (7
BOR 2R W Q = diag{1/r" 1/r"~!

/19, ¢ =Qe, H, =16 & Ent1]
SR SADGR (7) Al
é = %f(&' +ch+ rﬂ%kvfn (8)

EIE 1. 5T B 1 AR ® 2 FASHE &
% (1), %it LESO(5), MAHEREII L € (o, o) , 7
TEARI T to MEET >0 MBSLHE B > 0, [H43
SHEZEK] r € (0, 1), 2
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1 _n_ 1
suplel] = (*4 ) 77T ()

A 2. AR, SO ||| 48 Euclid Y53
JERA. HX Lyapunov B3V : R**! - RN
V() =¢"Pe 9)
Horp HiBE P> 042 Lyapunov £ PK + K'P =
— L1 I, Lor Amo+ 1 YESATHE R,
XF2(9) WK (8) SRICT-IF[|] ¢ (1) 4k, WI43
V(" = %ET(KTP + PR)¢ + (c"PE + €T Pe)h +

1
rn+1

(k' P€ + &' Pk)vg, <

1
—~Jl6)P + TP + €TPe|M +

1
rntl
2 Amin(P) Al Amax (P) 53 70 N H B P 1 ¢ /)N F
%ﬁ%ﬁ“fﬁ, it w = \/m)\min(P), w2 =
VI A+ Dhinax (P), W @y < ||Plp < w2, || P||p FEHIFE
P 1] Frobenius %%, M A] 15

KT PE + €1 Pkl (10)

' PE+¢" Pe| < |e]||| PE]| + ||| Pell <
2||Pll €1 < 222 [1£]l (11)

k' PE+ET PE| < [|k||[| PEI| + [1€]]]| PRl <
2[| Pl 1Kl 1€l < 22 [|K]| [[€]] (12)
[ B AT 45
@1|[€])* < V(ET) < ma € (13)

¥ (11) ~ (13) FRARK (10), AT#3

. 1
V(D) < —~l€l1* + 22 (M + L5 1)) i) <

~PLVEn) + By VIE) (14)

ST, B = — Ba = 2ma(M + L [y, B0
d B B

GYVE < -HVVEN + 2 (1)

BRI vt > to, KA (15), AT15

1€l < \/V(gT) < \/V(ﬁT (o)) e—%(t_tu) n
w1

w1

t By T
By (' mrng, . WVE @)

2,/ to — Vw1 B (t—to)

B2 r— BQ Te—%(t*to) S

Bh/wl Bly/wl

1
BgT+B4ﬁ (16)
2 V(ET (¢t 2052 M
H, By = 32@7(75(6 (to)))Jr w; B, -
1 — to 1

2a5” | k|

w1 '

2 vr € (0, 1), 7115
lell = Q& < 1R Ir 1€l <

Va1 (B + 34%) (17)

Hal (17) WAL, URGRE AT (0= 0) B, r
/N, LESO flithiRZ 8N, BA lim, 0 [le]| = 0;1H
REQ T ENEER, r ARAER/D, B r = (nBap/
By)V/ (4D i} A

3
n + 1 2 n _1
sup [e[| = <(n)> B3 nHT (nByp) "+

HioRE, HA

lei| = r" T g < e HTIE] <

i=1,2,---,n+1

(18)
3 (18) M, » 7E (0, 1) WHUEMN, BEAGTHRE 2
B 08 Ry, LESO X 7 FIOK 25 FBk 5 32 ; JC LX)
ARG BIFIE T 201 — g, 52 MR A (1) R0
K, X LERAT R ENAS e SE RS, 520 LAD-
RC 3261 RE. O

2.2 BHHIIGIE
5 1. ZELU ) SISO M AW E R4

i—17

Bgrn+27i+B4L
T

T1 = To
{jsgf(t, x, T2) Fw+u (19)
Y =T1+ U
fBBE R GEAR KN 1 N B S A RSN T 2051 8
F() =052 + (0.2 + e 1) zy + sin (2t) cos (z2)
0, 0<t<2
w(t) = { 0.5cos(2t), 2<t<5
2 t>5

TR FE A vy = oo, 1= 0.025 N SREE vy,
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o, A ENEE S, FH LADRC R (4) ~ Ll
(6) X &G (19) FEATHER], BESHERA vo =1, ] ‘

15

bo = 1; MKARESCHR [13] 45 tH IS0 SR, Bzl 4% T o5t |
FH (a1, ag, ag)=[-1, =3, =3], [k1, k2, ks]=[3, 3, 1], )
[, Do) = 1, 2} JAFRIBRIS R = 10, 7 = 0.002, 0 — ]
B X FR AN AR AL L AR, TS B |
SIELAE K 2 G0 R BRI SR, W 1 . % 2 1 0 s
t/s
(a)
10—
08}/ |
06 |
0.4} |
| -ty
0.2} —0 ]
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20 |
10 |
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Fig.1  Closed-loop system responses ignoring
measurement noise

{24 FE7E B P (RS SR P 88 5 0,
F LESO #h e /5 ff JOR RN, 5805 4 4 ah Lol
vy = f + w A BEMER AT, i) 52 R 1 |
e P I 75 STTHR B, 8 5 L T 8 5 R 0 45 < o6}
Wah, W 2 Fis. HAh, LESO Mt R G0k A : —
w1, wa, g I S I FROR N B R I, 02} "
H s IO HHR 2 F] 103 5, X 53 (18) HEM s , , , ,
gE RO — 3. HEr = 0.005 A10.01 Xt x5 #EAT 4G “0 2
W, I 3 Fion. FEE 2(c) ~ 2(d) TTRLE H, b t((;;
% v IR, LESO % 7 [ URe R g, (1 [FRe
IR T RS IR, PRI T REmahARare . Bl o SR 7 I PR R S

Fig.2  Closed-loop system responses considering

3 g:.l:ilc.\S&%%E,‘] Q&E;é LADRC 7‘?% measurement noise
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y(()m) = ff(y(()m_l)» ) yOa Yo, y) (20)

Hr, gy RIEBUEIES, m NIEEES . It
i LESO(5) 25 My

{zzAz+bu+Qk(g—yo)

e (21)

SR, JEVLAS (20) 7V BRI [ R, 820k
AR G R AR AL, AF yo 5 o (RO JESE 450
HEARMAME S RGEHH) Z RARAE 2 7, X
Fil 22 S AE LESO(21) 88O, T S EUR R4t
FPRAS A RELF 2 R ATl T1.

i 2. ¥ R G (19) W% I8 — BRI pE g 2%
(22) J&, FIH LADRC = (4). ¢ (21) f1=X (6) #E47
#H], Blr = 0.002, w =5, HASHORAE, 451K 4
Fis.

w

w0 (9) = ——y(s) (22)

R UL, JE I PR AR A P g R, E
LESO X RGUIRE o1 M THRZARK (5 2, 23
FIFEAILL), XA BT 20 SEBR_ES2X yo BALTT, 110 o
5 o ZIEAFAEZ S, I3 BUR GEROR IR 15,
RSN T LADRC HIBREFIERE (yo — vo).

1.5

200

100

—100

—200
0

1.5

0 > 1 6 s 10
t/s
(c)

B4 NI o6t 2 e Fs il B 1 2

Effect on system control performance adding filter

F YRR I SR

N T A ER 8  FT i BRI MR AN A A2 453 5%, #s
JEBAE (20) M RN ARG (1) AR AR
zr = yo, BIRFIENAS (20) 5 RS (1) ARE S R4,
DM LADRC BEATfl tHAIAME:. A E, AR5
AT —DAZEE L) m + n i B R RS

) = o, 12 0)

Fig.4

3.2

l'(n) — f (x(’n—l)’ cee j;7 x, t) +w + bu (23)

Y =2+ vm
Yo = Tt

XHF RS (23), HAEHRFOVIERIE o W),
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T o M R AR B wp SRBN o, 5 2858 B2 ] 1)
. BT fe ()M f () BRAAEM, PR
X (1) ~ (6) F¥xH BAE, ATi s — AN E LAD-
RC 5K RIS & upe Fw, W 5 o, Hrp &
Gthzhg=f()+w+(b—bo)u, gr = fr(-) — byur.

/&\xgzxﬁ mgzjjf, e gcfn = xEmfl), xfwrl = gy,
¢£n+1 = hg, W = [xg 335 x£n+1]T7 ARG
(23) BIF FRARAS 25 18] )7 2

Ty = Asxr + brus + crhe
= Ax + bu + ch
(24)
y =dx + v
yo = drxs

Hrf, Ag by, cp, de 275 A b, e, d TEAHF
m + 1 4EFE PR A &

BXARG (24), Loe=[v] v - v,
z =[5 2 Il er=1le] €y e ]t =
[f —of 28— - 2f —of 1T TR TR LADRC

(Cascaded LADRC, CLADRC) ¥ i #% A
o = ALy + bl vy

Zr = Agze + brug + Qrkr (I8 — yo)
9 = drzs

f f
lfef vm—i—l Zm+1
ur = bf
0

(25)
V= ATD’U + bTDUf

z2=Az+bu+Qk(j§—vy)
J=dz

_letwvppr — 2z

= »
:/H\: I:FI 5 A"ffD7 bf[D) Qf7 kf7 lf 7\%%\%” 5 ATDa bTD7 Qa
k, U AHFER R &, R REH a, &, 1
(AW NhR) B af, kY 17 (BB NhR), MEHR, r
AZN Ry, re, FHAREH L n 50 m.

3. 6 TRIEER 2% (20), BAH EME A

B IR ER SR, (H A B AT BERIR R SRR E
PE. B, /£ CLADRC R4t (24) F1 (25) HRH—

I B RS A8 (22) RIAT, (R i e BT i i) 22 0
AliE i LADRC1 F LLAME.

i 3. EXHH 1 B RS KA CLADRC(25) #E4T
i, A E R AR A (22), B w =0 = 1.
SR [13] S ECERURE N, B af = —1, of =
—2,kf =2, kb =1, I = —20, ATIEHIEN Ry = 2,
re=0.1, R=>50,r=0.1, XA S 56 1 #F, 17
HeE R 6 fios.

FLic B 4 mT LA H, 4 H sk A H LAD-
RC1 PIAMEAER, TR T B8 BT & B AR 52
M, B0 T4 RGUIRAS BT BOR (21 — 21), SEIL
TS NS AR E BRI (yo — vo), [ 38 4o
T R KR S AR, TR TR
R,

4 ETiEESFNMIEMEEK LADRC

BiE

RTINS b, kB R RS (1) 74
i NABA TS, ARAER MR, 43T 28 TR AT
AN B8 M I 2 1) 2% 1A LR R F 2l R G AR AR
%, Sl ERRY, 2SR RS RE.

15 4. £ %151 3 () CLADRC &%, 16 A A%
Hil 4 S HE GUT, %8 PAT 2R S PR E N
Umax = 26, umin = —17, HEE L WE 7 Fiws.

B 7 Bon, fEHATEZIREN T, RELER
2 i B A B ) A T AR R BICRAS ) PH A 2R G0 i 7 AR
IR Tk K R . Mt — 4R /N R A R
TR, IR RGO AT R ECIRAS.

FEAE R R AR TR BT AT A AN 3 3
ROUREANRERHERAL T, ik, PR T —
Tt 5 0 U 4 R AR 2 M SR () P ML R BB LA D-
RC J7¥%. ZI7 AR AL EE R 4 4T 88 i N g
I ZEEE 5 R E] LESO M A, i LESO
SRIBCEVEAN I R4 45 2., A LADRC ffliih
FURMEAE R BRIx A 248, BB H 1.
WF A (1) AR (20) AR EER S, ®itEA
Pl ABTHAIRE /110 LADRC #5145 A

Y% U u

—»{ LADRC 1 » LADRC 2 »

2M =g+ byu

T = U _
| 7
l.[(m) =g b(ﬁ“[ F= Y

\ 4

A A

Y Upy

Kl 5 JET LADRC Iguptdetl Rgai 1
Fig.5  Structure of cascade control system based on LADRC
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Fig.7  Closed-loop system responses with input
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$ / Horh, ke AAMEIE R, BOK ke T HR SR ZEAME R
05|/ — (BRI TTRE I LESO ARa5E, BT T8 2 .
! i 5. FaEilds (26) MR T 4 H AR &,
ol , , , , T ke = 0.8, HAh = 8 S EA AL, 17 745 R
0 2 4 6 8 10 IZEI 8 Fﬁ%
t/s [T R AL LY IR WINR N2 2Ly,
5 AU th, 25 R Ty 152 4 B R
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Fig.6  Closed-loop system responses based on CLADRC
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