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Active disturbance rejection control method for air intake system based
on improved sliding mode extended state observer fusion with Kalman
filter
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Abstract: Aiming to address the challenges of strong nonlinearity and model uncertainties in the air intake system of a
high-altitude flight environment simulation experimental facility during engine transient states — which are further
complicated by unknown disturbances and measurement noise, making it difficult to achieve rapid, stable, and precise
control — this paper proposes an active disturbance rejection control (ADRC) method based on the fusion of an
improved sliding-mode extended state observer (ESO) with a Kalman filter. First, a variable-power reaching law is
designed to accelerate state convergence. Second, a non-singular fast convergent sliding mode surface is constructed to
enhance tracking error convergence, and its corresponding nonlinear convergence function is derived. Crucially, a
collaborative estimation framework is established through this fusion. In this framework, the ESO actively estimates
and compensates for the total disturbance, while the Kalman filter suppresses measurement noise in the feedback signal.
Their synergistic operation enables the dual attenuation of both disturbances and noise. Based on this framework, the
ADRC is designed. Complete stability analysis and simulation results are provided. The simulation experiment shows
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that the ADRC based on an improved sliding-mode ESO achieves higher tracking accuracy and faster convergence

speed than the conventional ESO based ADRC under measurement noise. After fusion with the Kalman filter, the

controller maintains its tracking performance while effectively suppressing control valve chattering in the air intake

system.

Keywords: air intake system; active disturbance rejection control; extended state observer; sliding mode control;
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ZE ey~ IR FHAN TR Z e, DL BB Al vk =
eo PIATLIEE 0, Bl lim e,(t) = 0(i = 1,2,3).

WEBH  step 1: ¥ A5 [T K ¥ [ WA SIS 1] 43 A
(|s| > 1). ¥ 3& % B R 48 8, = —ka|s,|*>sign(s,)—
kysy. WU EE AR LY i T R R G s sl & o
— kyls|*®sign(s) <0, H |8 = |5.]. Bk, JRRGM
|s(0)] > 1k % |s| = 1IN E T, AR T Bh R 5
MAHFIRI GRS USSR &2 s, = TII[R] T, . 3l ik % 4
B &4t 8 FH Bernoulli A8 472 3K — M AR 2 M5l 73 7
T, AR RIT,, .

step 2: W AT /NG FEIWSC SRS ] 734 (0 < [s] < 1).
HAlbh, MIIET I R S, = —ky|s,|“ sign(s,) — kus,.
[FEEAE, ARG [s| = 1UISHE s = O 8] T, i
BT, < T.,, K T, il RE X R 403545,

step 3: BRI 15 22 [ 5 i 18] fie SIOR T 10 A2 5 14 43
Br. BB AR R R RV, = e2/2. H 3 HUE A
i [e | IR/ J9tn S PR ARG L

1) |ey| > e: fEHLIX IS, % h(e,) > 1, NI H

Vi < —[ksled " + Fgles [

¥ lei| = V2ViARNH T35

ap+1  aatl pp+1 _ Pitl

Vi<—ks-22V, 2 —ke-272V, 2.
ZIE ARG BB 1, H R GTE R E R T, R X
e, | <e.

2) ley| < e AEBLIXIR A, 330 V; ik R AR
B4 BT RIAE S 158, WTIE IV, OE, B e, # O,
Vi <0, BV, = 04 HAU e, = 0. B4 25 8 ik K
B, RGAETH e, = 0BT FaE.

step 4: H ARG TR Z #TTRSUE. e, — 0
i, HiRZSE N ) I 1 Ré, =e, — Bie B
B35, — 0. 83—, AN 2:eé, =es—
Bop(er), HRAEH 2 (0(0) = 0), ATf5Ele; — 0.

ZR4 step 1 ~ step 3, G sTEN T, < T, +
T., + T., WIS ZE 0, HER B 2 e, Bt JE 7 T Y8
20, #Hie,, e; NS O
3.2 KF + FCSMESO #&5& 447

EX 1 8 FRIREIERERIREM TR E e, =
& — o WY RSN B RS THR Ee, = 2,—
o LI EETH R Eey = 25 — f(T,p,0). iILE A%
ZHEE, = [e], el e,]" € R.

BT RGBT RN I 2% 45 4, v S E AR

Ez =nk. — B @s(ezl - ekl) - B, (20)
HoA By & B LA S Bh I A A AR T 3 i

FRADULIN 75 16 25 W .

Bi& 3 EEMsmaE R, MFEIEFBM,
> 0, 73R < M, Vt > 0.

Rk 4 VB, (1) & Lipschitz 251 fF1E
WL, > 0,150, (&) — ¢.(&)] < Lyl — &4
TR G TR, A |p.(es — en)| <
L,le,. — €.

FEH?2 SHTIRERS (20), AR 3 AR
4 pYor, B3 5 56 B0 o Hurwitz 5555, DA EXS FrIE
EFEME P R T R TR P + Py = —Q, H
FQNIEERE. I, &M THAZE B, & — 8 &
HF, His e

tim sup | . (1) < Q”P”(”ﬁ[f(;e M) o
Hopo Ao =sup [le.(t) — ex(®)[, Auin(@)NHFEQ
R N,

PR R R R R R RV (E,) =
E’PE.. I 2GR FHANREZN ST, F)
HAn'P + Pn=—Q, A3 3

V.= —E'QE. — 2E*Pjp, — 2E* Ph.
I FH AT 174 - e L 2k AN S8 AAECAE 3 (B 4, X 38 X0
AT, AT A3 3)

V. < (@I E-|P+2]| P (1Bl L Ac M, ) || E. .
2|lP LA, + M, .
4| EL|| > L] >ElﬂL,Ve < 0. R4

)\min(Q)
PR R E ML, ARG BRAH T, HR4

Fhie s en. O
3.3 WX RGReetEa i

FESE TR 1 AE L 2 J5 0l PRk Wl 28 ik 57 A8 e
(R Bl b, AR5 43 A B BSOWR N 245 AR 425 i 42 1Y) PR A
Gt Re.

3 FERPAEN R (7), W R 1 80E
T2 B DA B TG VRS B L (13) #4 %
ARG AR 1) 2515 T yua(t) L —Fr 25
M S RA T 2) RGUSIREId() A I, B ()]
< s 3) MM ZRAG TR ZE —BCE A, B ||2(2)]) < 0.
MIAEAE G Y I dl 38 S8k, ka > 0L ROINMAL 5= 3k
u >0, fFR AR ZRENRE R E e = [er, e,]" 5 M
MR ZE 2 2R — B A A 5

B RS RShe R EuE AT 0.

step 1: MR ZEBNZS: E UIRERR Z ey = Yo —
Yy €3 = Yur — U, WL ER AL TH IR Z N T = (24, 2o,
T KA u= (k,(ey + Z1) +tha(es + 22) — (25
+I3)) /b RN R GBI ES, W45 3 P IR IR I R 22 77 7%
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él — 62, (22)

€y = Gt — kpe1 — kaZis + 5. (23)
step 2: H A ZEMEI i KRR EOR I BREMTFIE
I E A o R 5
Ve(e,z) = V.(e) + uV,(2).
ook V(€)= 5h o e N BB R0 B A
V7, () 9 00 00 28 e e I B e g 3 (1 2 o 2 3
R (nV, = 3TP,2), p > O NFF R AR,
step 3: FaE M HT: X VR S, IFRNRZESS
(22) A1 (23), AJ 755
V.=V.+puV, =
(=kyei — kel + erea(l — k) + ex0(t)) +
P (b)) = fj — kydiy — kuis + T N ST, B
H 2 SCH S L B R E ML iR, ELIV, < —aV,
+e(a, e > 0).
WL E, > 1, kg > (k, — 1)2/4RAUEV,
O B G M ST I, RS O B R TV, S
V, &8 ARG 52, &4 e85 2
V. < -AV.+M
AR, Fod A > 0, M > 0% % R st
HE GRS ReRE RV 2R LA AN, N H
FEHEH BRI Z e S MM A R Z ek — AR
.0
4 HESERE5ERNH
4.1 LHEE
FEHER R G FAE R o T4 B HE S A
BRI 28 BRI S B s, k3
ML B BB LB, B R B 32 PR 5h B
DA% 52 0 2 R0 18 e s XU EE 52 ) 17 O, 7 R G4 HY
BN 30 dB =T A M R ARG 4 ) S AR S bR T
T 1D IS FE 78S 7, AR A [ 2 B0 X =l 2 ik o 4 )
REFRI 2. Horb: ZEIX 2 40% /71838 % B N +100 Pa,
EEEE R E N+0.1K.
NIRRT A A S, B = S
LESO H #i# 5 3% (LADRC). NLESO H i #t 5 %
(NLADRC). SMESO1 H #i#t &% (SM-ADRC1)?",
SMESO2 [ 471 #t 8 1% (SM-ADRC2)™" k4T % Lt 43
.
JUHIE FCSMESO 3 2 K /N 5 BR IR R B A g 7
HIARCHE, BTt 3 ZH 3 2 500, 1Y a5 fi ank 1 B,
RIRZIERPE R/ SERE W T R0 5
HQ=001, R=025 H#EREEEHFEFQ=

kd62 - kp‘%l -

xR %41%
#1 {AEXI 3 A FCSMESO #85H#

SEEZH 5 | ARSI A IR B A
Case 1 Small gains Br =10 By =125
Case 2 Medium gains Br =20 Br =25
Case 3 Large gains B, =40 B, =50

0.025, R = 0.15; #S & 53R E =648 Py 1

BUE BN

|

10 O
0 10 |-

(24)

FE T AT S b BESUR T Bl S I 2 K, =
2.25, kq = 3; 2 IR JE 0] 8% 4% 1) 4 2 K, = 12.25,

ki =T7.
42 SPBESSH

DN DR IS 4% 1 S0 RE 6 08 B OB g, A
TE SEI R AR 7 R S B e R AR A
25 S h SR SE I S8 TR S8 E I
FURfE, BTSSR L L Rk 15 2 1 o1 0 1,

BARSHNE 2 s,
2 HEXLREHSH
, o SRR
FRMNE  SREK ,
EWAE K L
LESO o, 0, 0 25,200,3000 40,200, 3000
By, Bay B 25,200,3000 40,200, 3000
NLESO
1yl 0.5,0.25,0.1 0.5,0.25,0.1
B,c1,é 14.5,10,1.5 20,10, 1.5
SMESOI1 o
8,6,k ky  0.1,05,10,10  0.1,0.5,20,20
SMESO2 B,c1,pdn 17.5,10,20,20  22.5,10,20,20
ky, ko, Ky, K, 16,8, 8, 60 24,10, 10, 70
ks ke qupr 5,1,1.2,0.68  5,1,1.2,0.68
Buy Beyan,as  4,22.5,05,1.2  4,50,0.5,1.2
FCSMESO
ny,na, 0.6,1.08,1.18  0.6,1.08,1.18
., B, B, 0.5,0.63,0.25  0.5,0.63,0.25
A Ase es  1,1,0001,03  1,1,0.001,0.3

1) EIEHESHC WSk, ke, ks, by FREEIE

VR P T R, I K2 SR BHIR: R a, (0 < ay <
1) Fllag(ay > 1) 73 3 5 B0 RS B 1 45 1IN Ui
S JT; AR BN R B (s) IS HL (o, By, ) THE L
1, FELRIUESSEHIR AT 52 0 i 4 J5 sl

2) VM B 0 W25 ks, Koo PR SR B 100 22 VS T A
T VAT S ) T RE L 2 B i S B p, (0 < py < 1) Ay
(q > 1) B fRA PRI TS S. Forh: py A& S BP0
B 3 A RS SR OB Ry, > L T B BT S
fH.

3) F RSN S W33 6, B, B 8=
3 5 UL 25 AR, S EUE R, 1 A, M)



%54

KRB F — ARSI BEY RRENMNE AT REELOELREARMLITH T E 1283

TR, AH 2 2 ORI B 7S | T A AL VRS B S P
PE AT .
43 BEMMEFEEWE TR EE3) 5

NIGIE KF + FCSMESO Rt £ 45 4 %o B 0 1 75
i i) B A2 S M R A AR, B 6 g T AR R
DR I SR 7 3R R s ) [ i o, Y R
s N BTl g, Hoh R TN R B A
FCSMESO Al KF + FCSMESO X i#£5 2 45 42 il 5} 1)
A R S

(R /10° u(EH)/10°

t/s
Control variable (noiseless)
FCSMESO small gain (30 dB noise)
—— FCSMESO medium gain (30 dB noise)
FCSMESO large gain (30 dB noise)
-------- KF +FCSMESO large gain (30 dB noise)

Elo SRS T T REH £

& 6 B %0: 24 ] FCSMESO #EAT #2 il I5F, 184
KA 5KPR A UL 35 1 2 2 FEO I e 7 0 = g s
2 ST R R N R I BT R
ait, A2 1) B A PR A, e O ) 2 ko O Y R
R = A FIRZ 00 T fl & KF 5, BTG EUR &
a5, WCOR REAE A B PR I AR BN R B, LB
FEFL A /N T AR 25 i B4R BN IR
4.4 i AR RAE

7 AN R ) 7 i R R A SR T b, HoH R
SN E FI R SALR S R B RIRE. K
LI AR 2 5] AR 1 5 RIRE AT
B, —HNH R —EHE R TR B
R—ZH .

o LU 43 BT A [ 42 i) 2 o 12 <0 77 B =i i R
R 2R vT A MR R G AL T AR, JURh 2535
A AR ROR, 3t R G2 BB 5 i
Jr $2 4% ] %8 FCSM-ADRC #1 KF + FCSM-ADRC
YIRS T RN &, wT DU PR IS Sk R AR ASAE T
£ G5 5K IR 2 WL 2% LADRC LA & NLADRC %
BRI YK S BWIEIRAS, WA BORES), Rl &1
AT AR RS (400 s 1) AP Eh I
YRR G R 52 BN PR B R AR
LADRC #1 NLADRC PR iV G i % Ak, 7= A4 1 Jal
FUEh; 757 SM-ADRC1 Al SM-ADRC?2 i G 14 #¢
ELUT I BR R AR T AT R H 4% ) 2% FCSM-ADRC F

KAWL
&/ (kg/s)
s 3

H71/(10*Pa)
wm N

I\

| o

}

|

|

|~

l
- o

258 ————5——

248t f\_{ — :

238 k2581 v (-
150 155

0 100 200 300 400 500
tls
(a) JCHEIINE P 5T BRER AR

BE/K

N
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5.00 ]

I A Pe— \
A0 2 7.02F
e 7.00 “'\"“.«
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S R

258 T e
248} : L
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(b) HEMLER (30dB) T HREE R

Target s SM-ADRC2
LADRA FCSM-ADRC (ours)
— — — -KF + SM-ADRC (ours)

NLADRC
SM-ADRCI1

El7 AREHZHIEFAIIRERAR XS L

KF + FCSM-ADRC 1t j# i & F g Sioe B 7 1 5 B
HHELFHITERE, HF KF + FCSM-ADRC B UK
PRERBUR.

R — 25 BRI % 1) 9 6 kSR G 0 4 I g
K F ) K 55 18] (DRT) 5 K BR 15457 25 (MTE)
o 3RS 0 RR kAR A ) ROR AT e ' A, B
g R 3 fion, 4t T 400 s B E SR A
150 s B P it Al R 4 i R

X EG A BT 3 SR 5 BT i AN 52 B B I g
FEPAE LT, B #5777 FCSM-ADRC 5 3
flz i) kAR b, GRS BRI Sk AR, IR IR 2
gy H, 252 20 &I 7S TR, BT 38 28 0
TR R SO RS R, LV AR B RO, B R EOK, T
AE AL/ ™ 5 ; B & KF J5, 1T KF REs A 20k
B 2 N ESO [ & W M RS AT R AR T MR RS X
FCSMESO ¥ F #, BI A 72 K 39 23 185 &~ , KF +
FCSM-ADRC X & il i 75 4 B S 4 i 4 ), PR +F
T B TSI FE A 5 /N 1 R B R 2
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=3 HSEHMESEERIFTHIER
T B g A &I /(30 dB)
Sy ks BRIES BRI B E S SR
MTE DRT/s MTE DRT/s MTE DRT/s MTE DRT/s
LADRC 293.526 10.54 0.095 8.56 298.865 10.95 0.120 9.36
NLADRC 218.417 10.22 0.117 6.94 652.932 11.30 0.307 9.52
SM-ADRC1™" 211.830 8.64 0.052 6.57 215.934 8.75 0.064 7.32
SM-ADRC2?" 175.391 8.55 0.046 6.55 180.820 8.66 0.059 7.25
FCSM-ADRC 131.251 8.36 0.021 6.42 133.162 8.59 0.025 7.03
FCSM-ADRC (large gains) 286.534 8.45 0.064 5.64 302.534 8.66 0.076 5.76
FCSM-ADRC (media gains) 132.596 8.11 0.036 5.39 146.957 8.22 0.041 5.46
FCSM-ADRC (small gains) 74.105 7.61 0.024 5.27 74.213 7.76 0.026 5.34
KF + FCSM-ADRC (large gains) 73.263 7.56 0.019 5.11 74.063 7.63 0.022 5.21
45 FEREIX IR SR
Fel 8 D E e IR 78 47 5 BB DX IF, S 704 1 28 x4 F 557
VL P Py Ny 5 5 /4 N *V 50
JI R R B AR X R 7 R 8, AR LR Bs .
ZEib: ; ; ; ;
NN . 0 100 200 300 400 500
1) BEX AEL: 1 S50 R GRS iR 25 BT A 14 _
95 10 0 7 2% ) % A 1)V S A, T R R £ Thsb —
AFELENE R R ZE IR A X B T 26 X B T = b 3 j__/_g__ = | M
Pl 05 E IR WL, 24 R G 2L ST E 5 H bR 0 i i
%7@)\%57@ (Ki%*}ij}y\jil()o}?a, /E‘liﬁj\j 0 100 200 300 400 500
0.1 K) P, 41 58 43S 80 ) S TR 2 A g DT B Sl
TV, FEOUHR 1R BN E, R R R 8 e e
I (5 B ST . R T —
2) Fir 4% 4% i) J5 ¥ FCSM-ADRC 5 H: Ath 47 0 100 200 300 400 500
TR, BRI T 5 B R 3 S BT T s
b , s B A LT BB
VA FUBE X B, (S o L I, Rt 7 i (a) RRMRERFR FREAR
(I BB R /1N ZERAAS RS |, Ho e Ra it R N .
TR/, ZERNAS IR b, o R B, Wi gk S of Lt 0
. , Ly . . N el 7.02H2 e
R T bR, LY A A T TR R R S e - ““
THREZ RS TIENRT. 0 100 200 300 400 500
%48 L3, 7E T I A IR 4 TR S e 2 v 24 3R e
. N 258 [ 2O e ]
I, TR L SR A SR 0 3R ESO % B o W\j g
[ 258.3 fugpafmeemat — |
“PAPREN BT RE SR KE R 1R T, B I g L
s ) . st I B (6 150155 ! !
TR I R A U B RS, DR, B TR ST
TR ). s
5 % iﬁ (b) B &ML (30dB) FE0 T EREERR
Target SM-ADRC2
S ob 38675 28 5 T R I 42 ) 1 B, R SCAR LADRA - FCSMAADRC oure)
T L A R O A WL A K [ B .
- B8 ZERLEETE X IR H MRS A EE ] 25 IR ER S SR *f b

PLEE 735 . %071 A% 3l 1 it BT AR RORAS
ML 25 0] 2 48 AR S DU EAT LI, AR T P sl
X R AR [N, BE KF BEAR T 0 R s 1
. T E SRR 550 E SR T M b, B
S5 R GRS BAT A B ERERBE /0 fERL &
KF Ja, R i U000 25 18 2 2 TR 42 1 7 S ]
SEHL T 0 R R B0 (R X ), R BARE A Rt

PRER R GUIRS AR INEN, [N, AR T RS
Y 147 ) A Sl B T W % S A AL IX A e b
DA, P th 7 B S am i & R k. R8T R
TAErR, @& Z BTN 535, A R i RHIR
A REAT B ATAL 1, AT A2 (5] R SE i ok PR A S
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