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Abstract Keywords

To control multivariable objects with high-order large inertia in a thermal system using a low- multivariable system;
order controller, we propose a decentralized compensated active disturbance rejection control meth- higher order large inertia;
od by combining high-order compensation control and decentralized active disturbance rejection active disturbance rejection
control. Consequently, we theoretically derive the closed-loop transfer function of the system. control (ADRC) ;
Using the inverse Nyquist array design method in the multivariable system, we quantitatively ana- compensation structure ;
lyze the stability region size of the proposed decentralized compensated active disturbance rejection decentralized decoupling;
control and the conventional decentralized control method. The simulation results show that the de- inverse Nyquist array

centralized compensated active disturbance rejection control is superior to the conventional decen-
tralized active disturbance rejection control without compensation in terms of stability region size,
dynamic performance, and robustness. It improves the control performance of a high-order multiva-

riable system controlled by a low-order controller and has good application prospects.



4 1 XA, 4. ZA0E RGN B A HTILRE D5 v 5 s 541

0 515

A PTHLFE] (ADRC) ¥ R G SMER TH0-5
ST E ER N B E, 13 Y R W
(extented statae observer, ESO) % &+t #E 47 3L i
ORI, -3 3ok s ) B AT AMEE L IR e
ADRC B 45t B, SR PERE IR . SHUCHE E ] 4
SERH AEE R T RS E T 2. A
SCHUE B ADRC Xl R4 M B R4 4
il 2 Bl SR R B | AT A A M
)RR ADRC, SRTIAE 2 B Tk i fe v,
AR RAEAE N RGP & R Z [ A AR A 1Y 278
BRGNS, I EHE R R, K5
ADRC # il iX 28 = Py 2 72 & 2 588 10 R AR R i)
Pk

X B ORI XS S, AFE S T — A
PR B 2 e 8B AE B R AT A2 1 B BT R
e SEBETREY ADRC X B R 2R G B4
el XS T 228 RGNS R, FEITR
T A AR = R 4y
B TH 2270 1 R e b 4% [l B[R] O RR B A BT
e, F 28 B RGPS i BRE B R G AT IR
W, HES TR, HEMgES A", (AR
WL T —E I R Gk i vERE, NS THE G R 2
AR RS, PP AR 2 DL R G SR A
AR, 3 R 8 B g IS T 2R G 1 v
B T AR T DU 2 P AR A 1 B ) S 4% [ i
Z I BORE G A TN S B BR , A5 B0 R AR
XF A TEOS MBS B ST ] B Y B
ST R TR AR T LA IR B R AR R
FIRITE. A A A R 7 05 o 4 B AR A L T 1k
R IE R  A RN AR A
RSO At ADRC g [m] B 22 8] (0 K8 & 90
Heh I B 4% ] i B BT ESO AT WL, A A
FJEFEN, XM 28 i R 58 B A DL S G
PR A RCR , I HRH T8 100 A A A 12 T SR A7
SRR, [ R e TS R S A
M RGEE A RS, HAR T LRNH. -
Bz ADRC 75— & B )& b oo 1 Il % 22 (6] (48 &
()R, {H SR I ADRC 25458 3 S IR B i, %F
TR 272 5 R RO A

FEXTREIRNE, ASSOR 23 ADRC SRR M
ADRC #HZ5 &, $& 5 7 —Fh 43 #i X £ 2 ADRC 38

W, g THARGEM S SR E AKX AR
FEHIE G TR o B i de xt T s b 2 A0 i
FRGEMITERIBOR , ASCRYE - H M2 ADRC (19 5
Geay, S T L R, AR LA
AR SCHIFH 227 8 A 40 P 1 b 4% 28 0 e B 3 80307
ik, AT T P2 AR R R SRR E X UE
rMTITE, R IGE RTEX 2 UM ADRC 1973
b fa, PRGOS R SRR I% S5
XF o k2 ADRC ) £ 1l B8R 7068 P RE AT
TR

1 SHkna

1.1 BHfEsHREE
ZE—11 MRS
y=g(t,y, d) +bu (1)
Hr, w,y.d, b RFRRGHRA L il AN
sh s ANt , ¢ (1, vy, d) RN RGEHI AL
B SIS AR S NLES . SEhR A 5 1
ARESE RN, W2 X by A A 25 A TTHE, [H]
e f=g+(b-b)u NRGEMS, RS
AN TR N RS o e, 0 (1) AR AY ] )
Ak
y=f+byu (2)
EX B RGEREMENx=[y], HHEG
T—rEs AR R G R £, KBy
SKAHRGARE, 2 x, =f, FTLARGAIRAE ) i
gk he=[x x] =0y f1'c KQ)PHHR
45 n] ik AR A A 1 I X

{;:éz+3u +Ef (3)
H,
o Yl v
(4)

FEXFC(3) R SE, 1 B ESO il
2=Az+Bu+L(x, —z) (5)
He,z=[z 2] HREMEGWNE, L=[8
B RLINES R 5 1) . Y L P BB,
B, BEAIERT, z LI z, F1 z, 73 R ER R
Gk y FEILB S
X R GEIAT AMEPIR S BB 2 i A (state feed-
back control law, SFCL) %M



542 553 53 %

u=K(r-z)/b, (6)
H,r=[r 7' RRRENWMASHES, K=
Lk, U]l o O 0 45 1) B, &, S Fa il e 1Y S it
gk o PP BEXT G H W A8 R GE, Fir b
ARGt A r v UCHIETE, #r=0,
Zi b, 1y ADRC (Z5 R anfEl 1 s, BT3¢
(18 JH2th iyl 98 2 B 5 i, WL 45 18 25 B
Bi =20, 1B, =w,, FHItA - LC [T A FHAEE R
F -, &b IR, PRHIEEE 2 0O M A (T
FEAEMEEROL T - o, A, Hor A & N

Fem o

ALURE b =0 HIL, F8ER ADRC 24 fL
D A ai BIAGTHE by . ZEHI A T . AIULIN A%

HHs ez
L W,

id
SFCL ”J+ 5 RS

ESO

Bl 1 1 ADRC 4544
Fig.1 First-order ADRC structure diagram

1.2 iMEBEHHEHEE
TEAR T EESC PR R, B Xt R gaR
B B R R

_ K
G(s) “(Tss 1) (8)
Horp, Ko T A n 35000 Bk G0 6 . 18] 3 2

B FESCPR TR F, W) iZ 1) ADRC il
for L HORARB Y, T TEREY ESO BB i Bk
ZBT RN IE RS, B LG I 2 8 5 R T A
Br RS R B, & FEUREY ADRC X T @& Bl
ZUNPERIRCRAE . X — I, BEXF n X
ZUT m B #bE: ADRC il 880y 1] RE UL
MENRGEE 2 RS ER, AR 5 R4
25T ADRC BB — BRI AT, kbR 35 1
B
1

G, (s) :W 9)

BIRAMEG ZR T X RAYER 7 B B RS
B ESR A TR R G045 ESO 19 B YA DT

T, ESO WM EEA SR TAT T 3, B RUAMEE
il A REAS 1 2 A MO PRI ACR . IARMERRTY G,
JG RGN 2 s, F AR #ME ADRC,

—r> ++ d N N y
SFCL u £—» S

ESO

K2 bz ADRC Z5H4 14
Fig.2 Compensated ADRC structure diagram

¥ ADRC 20 rikn '

1) FI LR A B8 R 8 By v i 4 1o
LR G(s) =K/ (Ts +1)" BIER;

2) WP BN ADRC £ 2B IR m, %
THAMERT G, (s) =1/(Ts +1)""";

3) iR ETER S

=i
.t (10)
c T
w, =tw,, te[10, 100]
1.3 SE#CRME B s HIsE
1.3.1 @R

TEZA ARG, WATFER L R B n R
HE T RBEX R, Y=Y, Y,, -,
Y, " MRS e R=[R,, Ry, -, R, ]V HR
GAIE; G =[G, | NEHRBUERE, 6,3
AR BV Y, B0L58 sRE noxn B 28R RGTH
i At 5 A BRSO I R R N

Y, Gu GIZ Gln R,
Y. G.. G o Gy || R
S5 IR LI
Y" Gnl GnZ T Gnn Rn

Horr, EXFALE R A G, (=) FPFURN(8) 26
TPy g B KAB RS 5%
132 RG4%EH

o3l ADRC K [m] g% 2 [ AR S I 0 403l , JF
3 %) k2% [l % O BT ESO SEAT LN . HA
7 22 AL 125 pRRCREL I T B A X A 1 e, BT
(1] 8% & 6F 0L PR X £ 4% 3 e G BEAT ADRC 42 il 4%
Bt xR Bl 4R fR BT ez R, B SEAR



4 1 XA, 4. ZA0E RGN B A HTILRE D5 v 5 s 543

TR T 2R RGN HN ADRC 13T

X 2R G i3 R HCHE A F RN 138 pR B 1
BRI PERR ISR R, 8K K2 ADRC i3
770 AE S K ADRC X, iy T4 X AD-
RC 2% [ A TR AR LM AL 1, BT RUIDAKME 2R
T BRSO T E S EE e it e 5 B
REF—2. FREME ADRC 550X ADRC 45 & )5
7 ik D o0 kM ADRC, L2 x2 [ 228 5
ARG NP, HERME 3 frn. B3 H, 6, G,
SRR EERT [l 1A el 2 B AMERERTY s U =
(U, U, mAEGEmERNRE; U =[U, U,]"H
A G B SR

R, U,
SFCL

G
ESO Y
ESO U,
A

.

SFCL

2 2

K3 rialHbeE ADRC RGE45H4 ]

Fig.3  Structure diagram of decentralized

compensated ADRC system

133 ZRFEHFBRRHYES

J XM ADRC JEFTHIE /04T, IS
HAG L #EES., LL2x2 HEERFREMN 1
oy i aME ADRC #E il b, SRS RER
PG 8 BRI AL ST+ ADRC 454y, H 2
(5) A[15 ESO R 2

z, -B i1z by Biqru,

L=l ol o sl T o
XO2)H, we HE2 PR R TR
w1 B, BER9) g m =1, AR 1(9)

IMAARZS sl (o), AT

y =kp(r—zl)—z2 1
0 by (Ts+1)""!

e IB)FRAK(12) H, a5

(13)

NA

2

[%1::__B‘_(73fiy‘ 1_(Ts:1w1
Z, I -8, 0

(14)
Hor, btz 2] Ml ] B REOEFEAKKCE
A, FB,, ¥z 2] RESENLD, 155
f'ﬁli[zl Zz]TLﬁ[r J’JTZI‘ETJB/‘J%/Z{T‘::

[ﬂ=hbﬁd‘&u] (15)

2

AIS) IO M R G B s
B ras X (15) Ry r Ry BEE DY 0, W R) A5 £
2y Mz, 20y A r ORI TIE A B HAUASE
Ml w=(k,(r=z) —2) /by, S0 HIFF2I R G4
u GRGHH y, Rl o MARGMA r Z R
KA

u(s) _ kp(s2 +Bis +3;)
r(s) _bo[sz +Bys +k,s(Ts +1)' +B, B, (Ts ']
u(s) _ (kB, +B,)s +k,B,
y(s)  by[s +Bis +hs(Ts +1)' ™" +8, =B, (Ts +1)' "]
(16)
ADRC 451 4 B 2 [ LR
{d
r uy y

FIEEIOEA

LGC u
F

K4 ADRC 2 H 45 HIE
Fig.4 Two degree of freedom structure diagram of ADRC

L 4 7T
_uls)
“Ur=0)
u(s) 1
e () an
F(s) = <=
ZORTON
(s)

Fr X (16) FRA(17) A 75



544 553 53 %

. (5 +Bis +B,)
NS +ﬂ13+kp3(Ts+l)lf" +B, =B (Ts +1)'™]
F(s) _(kp,Bl +ﬁ2)3 +kpB2

k(8 B +By)
(18)
RGP R B R Al R R A
2 AMERIEN, HHER TS BARSN, &%
[l AL e G, 5 F IR IR, i 58
ZHoEiE L SCHd i Az ADRC 2808 € U7 i
SrInxt 4% B [ RS A AL R B E A B . ik
JR IR GLHIUIE S iR,

R U Y

)LGL
F

K5 origalebes ADRC 2502 A B4 A

Fig.5 Two degree of freedom structure diagram of

decentralized compensated ADRC system

K5 ik A B R P i U A e R
Y oy 2 dea i, HA R

Gll G]Z G(‘l O F] 0
oo el o=lo el rlo 4l
GZI 022 0 GCZ O FZ

(19)
Hp, G ONBHEN 2 x2 Br 278 RGN, G,
F 308580 i 2% 0 o (2 4 2 ORI L A X £
13 R SRR A (18) THRAS B 19 1% 33 pR 8K
MREEL S AT RISRAG -k ADRC #iiil 24848 &
G IME I PRI G, (s) K

G,(s) :ﬁ%: (I+GG.F)"'GG.  (20)

2 ZEEAKRGENFEXBHE

122278 B IR A T e, s 42 e 9
Bt AR T Z N, 1 Gershgorin 45 Fl
Ostrowski 7y J& 10 4% 2% 17 45 I 5] 0 3 O 125 19 Bk Al
TP 324 Gershgorin A7 Fil Ostrowski 47, LK
BT 45 R R 91 O s A s X IR 2
2.1 Gershgorin 555 Ostrowski 75

JEX m xm B EOE M A, S AT AT A T
{EH

d, =Y la;l, j#i (21)
j=1

X, lay (BRI A, H5 i 1755 912 HOTH
B, LA A, BORX A TT @, 78 52 F T8 Y 58
O, d; HERAER, FROVHRE A, 55 i 1717 Gersh-
gorin |5,

XFF mox m W& B A, (s) , LN
MICERHAIERE s ALY 2 s BEE R /N FRE
Wz Ay, A, (s) 1) m 47 Gershgorin [B 13 23 i 2
KA, B DA SR A AR S P N A m R
PRI, FRHA A, (s) 4T Gershgorin 77,

LB BUERE A, RIS, E XA, B
LATIAT R R B 0,

la; | <6, ]a,| (22)

ELA, N L ATIAT RGN T @, HUESE

T i ATHN A, A AT AT AR R A ERORAE
¢ = max 6| (23)

55 Gershgorin [&] A [F] Z A0 75T, Ostrowski
A2 JETE Gershgorin [RA42 ) SE Al I DL 1 %47
W HE4E R 7, BPARFEREE @ 4719 Ostrowski [ 1 2245
d; = @.d, o WOHAPAMFER Ostrowski 5 # L 7E
Gershgorin 77 Y N HE o
2.2 EF Ostrowski I EXIHHAIE

FZIEE 6 iR 2w KRG, H, Q(s) M
)i E A1 B B, F, = diaglf,, fo, o, £l
NI AR AR HA f AR SR

LE 0 (s)
FC
K6 ZAh R

Fig.6  Structure diagram of multivariable system

FIPRRGERE H Q(s) AR O(s) BATHY
7 Ostrowski 47 EAN 35 4347 X 10 14 [ (548 S5 4E P F,
T - f, 8, AR -/, 8, IR RS R

B S AGE SRAEE F, S B E R R A
RN S O R R — 2 TEBOTOE U
AHTTAEE G, W Q(s) () Ostrowski 47, ARSI
5 O SR PR A2 i D T 1 s B D B
JE f; BRI o MRS R ARE AE AR E R, %
S BRSO L BT, R GRS E 1 R Y 4
SRR OO, RIASE DX . JE (%
— R, T RLR AR E XRS5 O i HIAE
XA 2 AR T RGBT ITE T .



4 1 XA, 4. ZA0E RGN B A HTILRE D5 v 5 s 545

X FHAW 24 RGBT, REBTY
SER RS R S, B R G0 AL 58
PRBUERE G, (s) FAL R T X ML JERE , T LA
G, (s) WHEFER Ostrowski 45, ARIEAS [F] R G835
FERERY Ostrowski 7 5 AT LA T 00 X L A FH AN [R] 5
BT RGN RE XN, BT AR E IX 3K/
1R B 2 S A A R BT T i i PRI 5 o

3 PiRsepl

31 FEERNESTERFRE
% S L R e R

1 1
[Yl]_ (20s+1)* (25s+1)° [Rl]
Yz B 1 -1 Rz
(80s+1)° (60s+1)°

ool 1 1 73 s ADRC il B 42 ADRC
XHAEAT PR, PIRR AR B T 4% L Bre i
Fortlal ADRC A Bl FA WA RAE /7, Bt A EL#%

[l 1 (R—Y,)

ZLWE R X R AR X f 1% 3 BRI, ARAE X A % ik bR
BOorn g g 1 (R, —Y,) Ml 2 (R, —Y, ) 145
Hl# S8, X iU ADRC, Bl 11
IMEIRATH G,y =1/(20s +1)? ) BitIul i 2 (kb
AN G, =1/(60s +1)*, Fiiz Mz ADRC (2
RO TR R A R R A SR BRIk
PGB S EAn R 1 s,
#£1 EHAKSHK

Tab.1  Control system parameters

Pl R4t [m] % b o, o,

1 0.1927 0.029 1 1.164 0
syt ADRC T
mpg2 -0.0642 0.0097 0.0388
N [m] §% 1 0.0500 0.0500 0.5000
Syt ADRC
IEI%Z -0.0313 0.016 7 0.1670

WA b SCHE 2 () R GG 3B pR B, 43 2] o3 R
2, ADRC 57384 ADRC 1 5 125 i R 42 306
HE 4% Ostrowski 7, W0 7 B

1§42 (R,—Y,)
3 E
2
&
® 5
0 B
-1 :
-3 -2 -1 0 1
i

(a) 7 HECADRC R G011 Ostrowskit

61§42 (R,—Y,)

(b) 4R AMEADRC Z %t [ Ostrowskiify

17 St ADRC Figy BaUAM ADRC #Y Ostrowski 7
Fig.7  Ostrowski bands of decentralized ADRC and decentralized compensated ADRC



546 = RS 53 %

DAt Ostrowski 45 4 22 1 Hh P> R IR E
X3, a8 i, M 8 LA, /il
ADRC {fasE K8 K F 43 18 ADRC, 3 B 43
#Mz: ADRC XF T @ Bir 278 5 R G0 A & 47 1945
RO

I 3 M ADR CRa SE [X 3,
I /3 # ADRCRE & [X 3

K8 RGuhaE XIxs L

Fig.8 Comparison map of the system stability region

PEATHERAL B SR, #3323 HX ADRC FI 3K
kM ADRC (Y4 IRHCR WNPE 9 s . i Bl LR
H, M T2l ADRC, 20z ADRC X F
1 25 o] B HAT B ) PR

Y, 05 ~ -
— il MEADRC
fffff 3 ADRC

0 1000 2000 3000 4000
1 ELRT ] /s
1.0 | — A
— i AMEADRC
————— Sy ADRC
Y, 05
0 1 000 2000 3000 4000
1B TA] /s

K9 73t ADRC F153#UAMz: ADRC FEHI8CR X L
Fig.9 Comparison of control effect between decentralized

ADRC and decentralized compensated ADRC

N3 AT AE A S G R A A A I B 7 32 1)
ERRVERE, B SPF RIRFIE TR . TEfR
FHERAR S BAL IR T, X RIS %1%
PR (R IR TR 8 8 T AN 45 K AE 90% ~ 110% 93
[l A A LR 8l, 2EAT 500 Ui S5, 70olic sk

25 I e R DR E (LR R P AL B S Y I I 15 L4
AN 10 FroR o P A i BRE 2 I s i A S
ABhASPERE, 1 RIS 1Y kOB h R P 07 15
M EFEPERE SR . B ISR AT, AERE RY
SRS, 7y HECEME: ADRC (9P BERICA
ORI /N, SR A ARl A T T, B
#Mz: ADRC #1447 1 S S TEREFI & PRI

2| @ /i MZEADRC
® /3 ADRC '
8

0 200 400 600 800 1 000
PRI E] /s
(a) [T i 1A R

A %

2o l[@ M EADRC
< [ @sHitADRC
i
E |0 @ ]
d
0 200 400 600 800 1000

PRI /s
(b) [B1EE 2B BRI 17

B 10 5ris ADRC 50 HHME ADRC SER5-R % S0 50 4]

Fig.10  Monte Carlo experiment diagram of decentralized ADRC

and decentralized compensated ADRC

32 SERERERFEL

FREAM TR E NI R SR E R

GERTRI R GRS T A T R 1 4 i L O
I ML, B oA EER R Q, MK po RGN

— 2 EA2 it RS

Qu

L]

Gy Goo, I,

- [ G, G, ] [12]
48.252 55.913
0.36s° +0.916 3s +1  0.348 95* +0.905s +1 |1 /,
) 54.55 ~70.429 12]

0.089 4s* +0.425 8s +1  0.084s> +0.525 4s +1
SR EE TS g e, i ST Ty
%, B R G AL R B R 1 T2 60 A A% 3 R ESGE 0



XA, 4. ZA0E RGN B A HTILRE D5 v 5 s

547

4 1]
R B R
c 48.252 ~70.429

Gh 03365 +1)° M (0.178s +1)°

e 1 B EaC M ADRC 95 S RMEER Y 4351
NG, =1/(0.336s+1)* F1 G, , =1/(0.178s +1)°,
FRAE 2 B4 7 Ty 16 A5 2 A~ 35 46l 2% = 5on 3k 2
FiR o

RGBT UG, 43 R k) R G

[#31 (R—Y,)

al
H
iy
0
-6 -4 -2 0 2
Sl

128 PRI Ostrowski, NP 11 7R

2 AT A A SR
Tab.2  Control parameters of different controllers

Pl R 45 (1] % b o, ,
1 1.7 92

/3800 ADRC [m] % 553 3 6.9
mgE2 1525 327 13.1
, [m] % 1 209 2.98 29.8

4 % ADRC

R FpE2 -272 562 56.2

2 fih

(a) 5 #CADRC R 4t [ Ostrowskiy

W81 (R —Y,)

4 f \
= ./" N
& 2
P ST A WAV
-4 -2 0
Sl

%2 (R,—Y,)

(b) Z3 K MEADRC R 4 1 Ostrowskiy

K11
Fig.11

HIP LT Al AHECTF 20X ADRC, S0iaah
f2: ADRC X ) 14 b bR B30I 2% 2 4 il AR A BT 467
5, H. Ostrowski 51 #] A By 45 /N, X ik 1 73 Os-
trowski 75 TSR S IFEZE RS 2l , DLW 20 il kh
f2: ADRC 8 s D0 55 50 Im A . AT 8RR
DI o2z A R ST AR E X &l 12 s,
Forpr s Cr 22 ADRC 75 P 2% (] % B 300 5K
AR X I8

PEATOERIL S 5L 50, A5 3 W Fh P ) 7 ik A
RO 13 frok. rTLAE 2], 0 HiEMz: ADRC

AR 7 1Y) Ostrowski 47

Ostrowski band with different control methods

I A MEZADR CRa i [X
I 3 # X ADRCHE A [X 5]

0 0.5 1.0 1.5 2.0 2.5

AN [Fl4 8 05 9 ) R A R X

Al 12

Fig.12  The stability region of different control methods



548 =R 53 53 4%

A 7 R, S EL X ] 3% 2 [0 A A 0 i 4 @ 5+t AMEADRC
258 T3 ADRC, 8 @ /it ADRC
1.0 —— —— o | o
; /. S 6
v - ® o &
! - o4t l
0,05 1 3
SR AMEADRC 2t ]
N 58z ADRC . . |
0 5 10 15 20 25 30 0 1 2 3 4 5
15 B R] /s PAT IS E] /s
— S HlUMEADRC (a) [FTIE 1 A IR 1
””” JTHAADRC O SHRAMEEADRC
1.0t ' ' NG ' @ /=L ADRC
20 - . : :
N : é ’
i)
AN = 10 l
0 5 10 15 20 25 30
15 ECSH ] /s . . . .
0 1 2 3 4 5
B 13 RS SRR ET——
Fig.13  Comparison of control effect of different controllers (b 1516 2 R
HATSRFFRISBEPLIEDE:, PREFE IR S5k B 14 R e B2 e 1 5
Z:@I , 1%%&&{”%%*%@%@@43 E‘]%ﬁ\{gﬁ@fﬁ*‘ E]/\j Fig.14 Monte Carlo experiments with
SHE 0% ~110% WG EN EAEE D), BRI E different control methods

SERMIE 14 s ] LR By BlCH Mz ADRC 72

WA R %5k 2228 AR GU Y PR B 126 o

P R A S T A S shASPERE . H

TEPIZR [l 2 rp 0B ADRC (945 s AR T

B, s AR AR RGBT I 1 B A Ik

ADRC 45 2 098 [l He bt W TS R B, TEMAKMERR TS, JrHK

A ADRC T (8 FH AR 42 i 4 19155 D0 B X o83 v

4 Hig ZR R RO B BRI BOR , Hah BT RE R &
ARSCER S B de 2 WG ADRC, 3 i P BEPEREXI LT 70zl ADRC,

%k

[ 1] HAN J Q. From PID to active disturbance rejection control[ J]. IEEE Transactions on Industrial Electronics, 2009, 56(3) : 900
-906.

[2] XUE W C, CHEN S, ZHAO C, et al. On integrating uncertainty estimator into PI control for a class of nonlinear uncertain sys-
tems[ J]. IEEE Transactions on Automatic Control, 2021, 66(7) : 3409 —3416.

(3] Shntis. WHXTRI APt [J]. #H TR, 2008, 15(S1): 7 -18.
HAN J Q. Auto-disturbances rejection control for time-delay systems[ J]. Control Engineering of China, 2008, 15(S1): 7 -
18.

[4] Ride. BORGEEEAPIRERIBOTID]. dLat: AR, 2020.
WU Z L. Robust active disturbance rejection control design for thermal system[ D]. Beijing: Tsinghua University, 2020.

(5] FEmAH, 2%, EiE, 5. MRS AP SGaR]]. #HAEe 5 A, 2013, 30(12) : 1521 - 1533.

(6]

WANG L J, LI Q, TONG C N, et al. Overview of active disturbance rejection control for systems with time-delay[ J]. Control
Theory & Applications, 2013, 30(12) ; 1521 - 1533.
AR, ik, EMESE, % — ARG MIMO RS A fEsIEm (1] 08 /REE LIRSk, 2020, 52(9) : 129 - 136.



4 1 XA, 4. ZA0E RGN B A HTILRE D5 v 5 s 549

XIAO Y G, LU H, WNAG H T, et al. Self-decoupling control for a class of nonlinear MIMO systems[ J]. Journal of Harbin In-
stitute of Technology, 2020, 52(9) . 129 —136.

(7] Eh, R, BEILET, 5. mERBERGERLNE ATttt (], il 5ok, 2022, 38(4) : 999 -1007.
WANG Y, WU Z L, XUE Y L, et al. Design of linear active disturbance rejection controller for high order large inertia system
[J]. Control and Decision, 2022, 38(4): 999 —1007.

[ 8] FHGH STHfEmN 22 B TR AP IERPIEID]. dbat: WHAeRy:, 2014
DONG J Y. Inverted decoupling control for multivariable thermal processes[ D]. Beijing: Tsinghua University, 2014.

[ 9] MAGHADE D K, PATRE B M. Decentralized PL/PID controllers based on gain and phase margin specifications for TITO proces-
ses[ J]. ISA Transactions, 2012, 51 550 —558.

[10] CAT W J, Ni W, HE M J, et al. Normalized decoupling — A new approach for MIMO process control system design[ J]. Indus-
trial & Engineering Chemistry Research, 2008, 47. 7347 —7356.

[11] WADE H L. Inverted decoupling: A neglected technique[ J]. ISA Transactions, 1997, 36(1) : 3 - 10.

[12] TAVAKOLI S, GRIFFIN I, FLEMING P J. Tuning of decentralised PI (PID) controllers for TITO processes[ J]. Control Engi-
neering Practice, 2006, 14. 1069 —1080.

[13] SHEN Y L, CAT W J, LI S'Y. Normalized decoupling control for high-dimensional MIMO processes for application in room tem-
perature control HVAC systems[ J]. Control Engineering Practice. 2010, 18 652 —664.

[14] T8, . 2R H Kot S0ia )] R T, 2014, 21. 93 -99.
CHEN Z Z, YAN W W. Design and simulation of multi-variable decoupling control system[ J]. Control Engineering of China,
2014, 21, 93 -99.

[IS] REwR, WRNgaR, FhUIHS, 6. /A0t il A STot el MO s B i i [ ). A shfeasdie, 2017, 43(6) .
1080 - 1088.
CHENG Y, CHEN Z Q, SUN M W, et al. Multivariable inverted decoupling active disturbance rejection control and its applica-
tion to a distillation column process[ J]. Acta Automatica Sinica, 2017, 43(6) : 1080 - 1088.

[16] GARRIDO J, VAZQUEZ F, MORILLA F. An extended approach of inverted decoupling[ J]. Journal of Process Control, 2011,
21. 55 -68.

(17] farfg. APl LAERBER GE P RN D] JEat: 4R, 2019.
HE T. Active disturbance rejection control design and application in thermal energy system[ D]. Beijing: Tsinghua University,
2019.

[18] GAO Z Q. Scaling and bandwidth-parameterization based controller tuning[ C/OL]//The American Control Conference. Piscat-
away, USA: IEEE, 2003[2023 —01 -20]. https: //ieeexplore. ieee. org/ document/1242516. DOI . 10. 1109/ ACC. 2003. 1242516.

(19] mifERe, RML ZAR s Be [ M. Juat, R, 1998 84 -94.
GAO D L., WU Q. Multivariable frequency domain control theory[ M]. Beijing: Tsinghua University Press, 1998 . 84 —94.

(20] fEfg0E, XIPGRE, Pom. HT PID f s AL 2 A S il [ ] Tk # it 5L, 2018, 31(4): 21 -23.
CUITT, LIU X C, SHEN J. Multivariable decoupling control of medium speed pulverizer based on PID control[ J]. Industrial
Control Computer, 2018, 31(4) . 21 -23.

[21] B, Fhr7E, R, 5. 2785l B PTt i e AR R B P R LT ] AR 2R, 2017, 68(9) » 3482 - 3493.
ZHAO Y, SUN L J, WU X, et al. Active disturbance rejection control on gas flow equipment by multivariable decoupling algo-
rithm[ J]. CIESC Journal, 2017, 68(9) ; 3482 —3493.

({E ]y
XUIFH(1998 ), 55, WUk WRFEOUh 2 G FUB L LTl
fil (1992 -), 4o, W, @IEEL, BRACAUERY B PR HIEE KO TR
FOHi(1997 =), 55, Wk BRSSO A 8 ) R GE 0 R S



