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Adaptive Control of SISO Nonlinear System Using Data-driven SCN Model
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Abstract For a class of single-input single-output (SISO) nonlinear discrete dynamical systems which are difficult
to establish an accurate model, a novel adaptive control method is proposed based on data-driven model. In the pro-
posed approach, stochastic configuration network (SCN) is first employed to build the data-driven nonlinear system
model, which adopts direct link and enhancement nodes to approximate the low-order linear and the high-order
nonlinear parts (unmodeled dynamics) of system, respectively. Besides, this paper employed an incremental learn-
ing algorithm and supervision mechanism to optimize the model structure and model parameters synchronously,
which guarantee the universal approximation property of the data-driven model, solving the problems of low model-
ing accuracy and unguaranteed model convergence existing in traditional adaptive control with alternate identifica-
tion algorithm. Then, the direct link and enhancement nodes are used to design the linear controller and virtual un-
modeled dynamics compensator respectively. A new adaptive control approach based on SCN data-driven model is
established, and the stability and convergence of the proposed control method are proved. Finally, simulation com-
parisons between our proposed method and the classic adaptive control method with alternate identification al-
gorithm are made, showing the effectiveness of the proposed method.

Key words Adaptive control, stochastic configuration network (SCN), supervision mechanism, unmodeled dynam-
ic, data-driven model

Citation Dai Wei, Zhang Zheng-Xuan, Yang Chun-Yu, Ma Xiao-Ping. Adaptive control of SISO nonlinear system
using data-driven SCN model. Acta Automatica Sinica, 2024, 50(10): 2002—2012

PID il ISR SE ) fal ey 5 1 SE8L, 12 SERR AR PSRz B EX R AR LA
B VE R TV 78, PID # il AEAE fE DL i =

PERIROR. 2T A SE HERE B ORI DR L 4

ek H 39 2021-03-03 A H I 2022-03-01
Manuscript received March 3, 2021; accepted March 1, 2022

K HREBIEIE S (61973306), LI HARRIER 4 (BK2020
0086), AR TAkLrA H 3k B 5K #5505 = 0R S A 4 (2020-
KF-21-10) %8l

Supported by National Natural Science Foundation of China
(61973306), Natural Science Foundation of Jiangsu Provinces
(BK20200086), and State Key Laboratory of Synthetical Auto-
mation for Process Industries (2020-KF-21-10)

AT FHEEFE

Recommended by Associate Editor LIU Yan-Jun

L P ETE RS B Sl TR B 1R 221116
PR EEMEABE LAt 100083

1. School of Information and Control Engineering, China Uni-
versity of Mining and Technology, Xuzhou 221116 2. School of
Automation and Electrical Engineering, University of Science and
Technology Beijing, Beijing 100083

2. JbHF}

P BAS 5 NR UE E T R AR, TR
WL YRS s AR H ok, A2 T2
B AR R 251, AR AT b 2 S5 AL
B SRS T A A RS A 7 1 R B 1 AT M I AN
PR AR GE 0T AR AR RO HE LA S, iy, 78 5k
LA S RGOS EE B S DL, fn el 24
KE RS SRR % R E BB L. LR
KR, SCHI B A Rl SR A aR AR 2k R G
3 AR, A A ) S AR AR P )
32 A7 ] 10 A KB AELRE B0 AN Db T RN A 2 0


https://cstr.cn/32138.14.j.aas.c210174

10 #4 AAFEE: ZET SCN FIEHI R SISO FELR 14 H 3 b 45 1l 2003

FAMK RS HI S, e R G AT T iR
AL TR G SRR S Ak, Rk T
[ 32 4% ) 5 AR O 7 55 . ARl 3 L ) 3¢
Tk, BE N R R E R R R ) S
FMEETZHAG R %, B AR
Fe MR 22 | I N R B R IE AR . B AR IE SR
AR T REATL A 9 i) A, B R T BE AL 2 MO T i
PAEX R, 2 T Tl R, b4 5 ik
RAZ G T 2R BRI R G, B RS
HA S HA € SR A2 E, JCH 2 mx i AR 2
RGN, HACRAEL S N IRk, “Hil 3 1A
RGHRRT T TR AR R B RGN H & NS
HIINEEN T 877, AR MRS R Gt v H AR

WA LR A RGN BE H  — R PR

A58 2 1) 2 BT R B AT R L I AR 2R PR TR 0O A%
GEI LR AR T B SR TE 25 R Bh AR AL B2k (AR 2k
PERGUHI P 2R B DU DR AR e 42 ] 1) 7t
(s R AR TR AR — S W RIFRTE: 1) P R 2%
PEALRRIRY 572 L FH Ao 22 00 2 020 R b A s B ) 2
FPENABY, AH o T2 28 AR B A7 AR SE R AR 2
PRI 2% BOHS AL, o R EEAUTH SR N T
PERI SR BT IAERE; 2) SRS ) 2 VEA T AN
SB35 SRR N AR R SR A ZRAR X A GER A A3 1]
PRI 3) 7 BURVE AR B (1 73 B X TRV T R
R ARG AR AR BTt R, PR AL EE
R A B PRI R (R AR R, A7 76 Xk LAt IR 4
JRIREVE BT NARMAX A5 F1) i 18 i 48 5 fifi ik
RN ASHA OB RS I EIR 2N, HH
PRI 52 23 J3E vt R SR A DR X, AR AE Tl o e v A 2
B DT R — PR AR A AR 2R MR i T R e 4
THELAE B & N P BE R SSBE.

N SEBLUR — e PR AR 2R R R G 1 B R S P
Chen Z&0° $E HUR — BN (A AR B S R G R
AN RE R 5 R AR MR (RERBIE) A
R R MRS P B A ] A BT
25 AR L B 3 ML A 2% DA S DD LA A 25 4%
2R SCHR [16—18] JRBE 13X — 4L 42 il 45 # 1Y
RGFBNSENLRGE RN, I REAT TRENE K&
WeSA e 73 A, SCRR [16] H BE AT I AR ) 3l AR A2 4L
R it Y | 2 u N D Ry T R T p Bl bUR S g
B AT — I 2 R AR B A A S 5 (1 PT M4, 45
& B RAUATBHE R AR THEOR, 20 T — R0
XA HI %, TR [17] SR — R B R T R
Xof T B R A LR R R L T4 22 I 2% 1) e
AR ATEAT . H i T2 gk R %,
T PERE 5 AR 2 ) BB S DI R, H 48l 25
B Dy BN SR SRR /AN I A 5 3 S 8L B A AT A
AFasE. SCHR [18] # EH & S R g T vt

LM RGAR RS AMESS, K —— B R
AIRETC T AR A BN AS 1 58 SCIAE A il — A 5 1A
£, RIE T H&E N A2 B R 40 ReiE R, i
Go 1 AR GU A 28 0 265 1T 6] A R B 5o 42 i P B 140 52

IR TTVER R AR BN A TR M2 2 1t 4 o 3
R AR L ME SN A RS B & B R SR AL T A RO
%, BRI F B, 2 SR FH 26 PR AR R RN = B S 26 P T
LBHR T, RS PR A 5T & % U
K, ABHEIRATTIT 0, IE VA BCRAE 228 & R 7
VR REAE DR AT 1) B AR G FROE T R . B B, A
BARER M NEILR S S58E IS, RE
I AME iz 5 R 22 REEAR PO A 45 ¢ (21 4+ 22)") <
C(21*) + ¢ (w2*), B, MR BH T IEAFAE R 2
PRG-I AE T e, AR A BUERE M. thoh, WA
AR B A B g 7 R rh S8 2 R AR Y SR B
(e, B L M R A A B R IBO
AR AE SR S B R B 1) olb Az 25 o ok LLSE .

B EIRESHITIERAR, AR T —FhEET
BEHLAC B M 4% (Stochastic configuration network,
SCN) i #s X A5 1Y 1) |1 o B 45 ) 7 v Foadad i
THEA BB SRS SCN, ST R G046 14 56
53 RN B A S At T P B AR AR A S8 B IR A
FE H BB AR e M AR B 0 2 ) 7 V)i
WO A, ) FH S 2 B S AR Y 25 K RS 2 4
1 E 2], A8 m R M R G iR SR
FEs b g G — DA S SRS R IR T R A
BNASHME I H & S 28, 25 T 3 07 v ik
PERERE PR AT, FRIE I 7 B E P B 7 iR A R
Iy | P ::pey

— X DA FH A it o A TR RO 1) R o N B
H (Single-input single-output, SISO) FELE M4 %
G AT LA gEIR A

y(k+1)=f(yk), - yk—na+1),

u(k), -, u(k—np)) (1)

b w(k) My (k) 70072 Rt ANt & RoR
kT, T HEHIEE; () € R ERKRABAELNE H
B na Mng NRGHIHR.

EXp (p=mna+npg+1)GERAAE X, (k):

Xv(k): [y(k)7 ""y(k_nA'i'l))
w(k), -+ u(k—np)" (2)
RIS (1) 720
y(k+1)=f(Xy (k) 3)

BB AR EIR 36 SISO AR R Gt
B ARP e AE R A i B AR 2 (R BIZS) T
INEER=g St



2004 =l 3

(8

50 %

A yk+1)=B (=" uk) +v (X, (k)]) 4
A, A (271) B (zfl) N
A (z_l) =1l+4+az '+ + Qp 2~ A

B (z_l) =by+ bz 4+ bpy,z P

Hef a; (i=1,---,na)f b, (j=0,1,---, ng) 5l
RNAEL M R G AE TAE S AR — Taylor &%,
([ X, (k)]) KRB ST, Ho([X,(k)]) A5, B

([ X, (K)))| < M, HA M R— DB IER %, &
MR SR

H ik, F2 B AR T

1) RIUEFH R G N H S 5 A A A
i (Bounded-input bounded-output, BIBO)
—HRE;

2) RGN y (k) WL EREE S BN vy (k) 1
Ak, A HARA R /DT BT e e i e (e >
0), Bl limy— o0 |y (k) — ysp (k)| < e.

2 HBURWENERT A

ASCEE RS A (4) PronAREE R G R, B
T A EREAY SR A5 M) SON, Jd i s B L 5 1
BAIE SR, B ARL I R G R s AR .
Wk 1 s, SCN Jy—F B A i - S5/ R BE L fh
W21 HLRE R 1) SI B L B = B L
SHOMUALIR; 2) AR5 B & N b i B B ALYE
Fl. BT LR AT, SCN A RUGRIIE 1 AR i i 7
SIRFIEL ToPRAE T e A R AF Iz AR A SO
D1 SCN MIRIEREST, S REHL A & R %
A2 P A S5, R T LR AN 5 N AT > 2
A SCN, M AR £k itk & 5t i Bl R s i 2.
Horb, EEER > N 2 B R 2, AR
B L VRS0 o MR & R, AR AR
LR, VOB R RIBRE T, W BRLRSFE B
BRI 2R . R S5 0 ¥ BEAE T 1Y 5 o,
TR E AT DG E Ty A, R R A 454
R B A I B AR T 2, DU R S5 R AN S
CLANSESRTLE:3

RAG M HIRERNFE IF5 A

BB R A A [ N Ak 3] 245 5 TR 45 g A R
ZHARAL 1) R A BTV AR SCONEEE B T 46
[ A5 7R e TR VA I T A, AR T B R AR
FEREN L, SEBL T BB B 2254 5] FE R I 0 0T
e I AR B S L Ao i AN ASCAEL R v 2 RT3 [X 1) P
INCLZY AR BB 73 B, A BESHE 555 O 2%
I, I 2 o) e B AL 2 B 7 2 20 AR kAR
e i R I H B A SR R DUII R 45 1)

2.1

[SEEgiE 4

m+ 1

7 M R

y(k) y(k=ny + 1) wk)  u(k— ng)iHAE

K1 i B REALAC B 2%
Stochastic configuration network with
direct link

WSIGHR B, BAR 7R,
R 2 (1 7 s B AU AR P R G
YU EESETHE FIAN K, T2 3 A 2 1) 52 2% FE FOTE
LRSI AT, ASCRH X, (k) = [21(K), -+, 2p(K)]T
= [y(k)a ) y(k —na+ 1)’ u(k)v M) u(k - nB)}T 1k
NN, SRR, SRR A A RN
P L
yr =3 B2 (k) + > Ba mhm (W, b, Xo(k))
j=1 m=1
(5)
H, gy RoREA LA SR, 8 =
(Biy G=1,2, -, p) NEE jAHNTT i 255
MRS ALE; By = {Bom} (m=1,2,---, L)
NS m AN BE AT B SR R AL w,,
H b, FR NN Z B m IR S A A E R
W, BIIE5ET NS EG R, () RN m NG
SETT R RO B AR, ARSI sigmoid PR AT LR
DL, AR Ty (Wi, by Xo(E)) = han (X, (K))
H X (4) AT 5:
yk+1)= —A(z"Yyk) +
Bz ulk)+v(X, (k)  (6)
Hip, A Y =z[AE"Y) -1 =a1 +agz 4+ +
A 2 AT

¥ (5) H—PHE RN
A p

yr= > Bujri (k) + Y Buja (k) +
j=1

j=na+l

Fig.1

L
Z B2,mhm (Xv (k))
m=1



10 #4 AAFEE: ZET SCN FIEHI R SISO FELR 14 H 3 b 45 1l 2005

HHRT LA, RIS ETBLBERI Y Y04 | By, o (k)
RSP B (k) A BURRS A (=71) y (k) F0
B (=~Y) u (k) KfliE, £03 TR 44, 1Y

—ay =gz = =g AT =

Bii+ B2z b+ Brpgz AT (8)

bo+brz 4 by, 2B =
npg

9)

PRI TR S8 ) Bo. mhun (X, (K)) NAEE
AT TR 0 (X, (k). AT 5 B Sl
AR R TR N e =y — yr, WIER [|ep | A IEFTH
SRR E R, TF AR BNLE] N A —AN 8
AT R hpy (X, (R)), FRTHEDRTT S 4 A
Br1, THAAEI vy =y + B2, n1hr1 (X (k)),
DS AR YA A5 21 2 .

TR RA i T 1 ELEE 23 R

Yo = Zﬁl,jxj(k) (10)

1 _
;A ) B
61 na+1 +61 nA+22 + +ﬁl nAJrnBJrlZ

Bt e, O A AT 2952 LB R

(ers o1 (Xo (K)))? > bpdr 1 (11)

oo, B8 span(D) RAE Lo %10 LAI# 9, {49

b€ RT R VA() €T, 0.< [h()] < by ESH, 4

SEAESEHF S g = L/ (L + 1) FIAE S EE 51

prer =1 —rpp) /(L+1) P A HESE L+ 14

%‘ﬁlﬁ’ 5E X dpv1 = —=rLy1 — pry1) ||€L||2, lES)
(e, hryr (X (K)))?

S TG AT

(1 —7rp41 — pr+1) {€n+1, €n+1) (12)

TEARL 0 BKC, U N SLAEL A O T AR
AT B AR U G R T A T AL 0%
6 5 A (RS (X (R)) - B (X ()Y
IR AR g A IE (L HOSOK I A B
A €0 50 KRS S O S A 24 380
SR ISR

2.2 RESKBIERENF S FHE

ThE ARTURG B2 A0 DR R R AR B S5 M) 4, JE LG AEE
RSHRN By, FR g FER PSP Bk A7

1) AL B SR T AU, ELREHR 20 1% L R BT
3 (10).

SR R R TDANG B e VI v N R 2 €
M%E N, Bl p< N, Wi X AR5, ATREFRA

BB Y = X, 8, oL, NI R i/ a7
KA, B
B = (X'x,) ' XTY (13)
2) MMES L4 1 AR A, AN
yr+1 =YL + B, Lr1hri1 (X (k)) (14)
AL |y — yra|| = 0 AT ZETR, B
Yy — (yr + B2, L+1hr+1 (Xy (K))) =0 (15)
18 55 5 P i [F) )P 5 IR0 Bo, 1 SR, TS
Oly = (yr + Bo,nrhiy (X (W)
0B2, L+1

Oler, — B2, L+1hr+1 (X (k))]2
0B2, L+1
Ty AT 3 5 5 T R B A By, 1 N
{er, hpt1 (X, (K)))
A1 (X, (k)]

=0  (16)

B2, L+1 =

2.3 IRBUIAIULEIE S B
g SON AR S SR B,
ZRN0 < rpo <1, HOCHR [21] AT %0

(ro1 +prpy) ez |-
ZER| DL AR
l—z<e ™ x>0 (18)

62+1H2 <

k

Zii1>ln<1+§> (19)

i=1

o 1
Z(i+1)2<1_k+1 (20

i=1

CIECE
b r||” < (rogn + pog) leg )1 <

L * 12
1 (ot ) 3] <




2006 H 3

(8

¥ i

50 %

(12} 1o ) e
xp [ —In = - =
exp 2 L+1) 0

2 E ) e

2 (L

Ly25P\757) 1%

A3 limy o lepia]|” =0, Bllimy o [lepi1]| = 0.

R, 52217 5 [|e 4 || S UIB I H AT 0.

3 HURIEENRY B & MAEH

BT Pt 0 SRS AR AL Tt 3 B A &R
g, CFEEE WK Bh A 1 1 o 4% ) 2 R R AU AR AR
AAAME R, A 2 s,

LM R E RN

u(k)=u(k—1)+kple(k)—e(k—1)]+
kre (k) — K (z7') 9 (k)

Horpr, Stk B & N AR PTEEHIAE, kp, ki N
Ll B BB K (271) 22 P I, e (k) AN
BREFIRZE, & XA € (k) = ysp (k) —y (), ysp (k) A
W,

¥ e (k) RIEXARNI (22), HERALIR T H 715

(21)

(22)

H(zYu(k) =G (z7") lysp (k) —y (k)] —
K (z7Y) 9 (k)

(23)

MV HIEIE
RE

v

LN 2
T ﬁl.lv edl.Qa Ty ﬁl,p

(H (Y AEY + B ()G ()] yk+1) =
(zNG (27 ) ysp(k) + [H (271) =
(=) K (=)o (k) (24)

ﬁ;EP, H (z_l) =1-2"1 G (z_l) =go+ g1z, H
Hgo=kp + ki, g1 = —kp. A(z") B (=) 251
IR R PERE R S H A (271) A1 B (271) Il T,
Al SCN B85 3K15. 0 (k) N HLR @ E)
AT, I H SCN Y585 7738k 45.
NI BRAFL B ST S, W& H (271) —
BEYK (") =0, BAHEEK (1) H
K () = 2T
B(z71)
SR — 25 1 T A D0 42 1 ST 1Y AT 4 ) R 1
Th BN Gk + L ZIB5 o (b + 1) 5B AR H
y* (k+ 1) BIRZE W T7 Z2 /N RS IR ER S N
132 /NTT 2R ERYERR RS T RN
J = [P (zfl) y(k+1) -G (271) ysp (k) +
Q= Vuk) +K (=)o k) (26)

b, P (). Q) WIART - IR T
R, K (=) WG (=) HEH B SHETI,
5| N Diophantine 572
P (zfl) =F (271) A (zfl) + 271G (zfl)

B
B

(25)

(27)

LM R Gt

\/

K 2

Structure diagram of adaptive control method with SCN-based data-driven model

Fig.2

HET SCN Hudla SR BN (1 1 3 24 1) 07 12 45 4 P



10 #4 AAFEE: ZET SCN FIEHI R SISO FELR 14 H 3 b 45 1l 2007

Hrep, F () AKRT 2 i 2 b,
& J =0, BEIHER (26) H/ IR
QG +FEBE)|um) =
G (271) [ysp (k) =y (B)] + [K (271) +
F(z71)] o (k) (28)
Lt (23) f (28), BB SH L HAE
Kz Y=K("YH+F(z1), Gz"H=G(z"1), G(z™Y
H Diophantine /7230 (27) ME—fi €.
R B 2%, BRI SCN Hdf ik 5)
RERIHHREELR M RS (4), B
y(k+1) =85 y®k) +-+87 yk—nat+1)+
5f "A+1u (k) 4+ 4+

u(k—npg)+

6k
B; 1h (Xv (k)) +ot /657 Lh (Xv (k))
(29)
FRIVLEPERE RS SR T A () B B (271)
PLA R PR AR B ST 0 (X, (K)), Wk + 1B Z1 &R
AR (Y gk +1) = BF (27 u(k) + 0 (X, (k)

(30)
Hor, GBS 2 AN
AF (zil) =1+ 551271 4+ 4 ﬁﬁwz*’“‘
{Bk (271) _ 5f e Foo gfmA+nB+lzan
(31)

KRBT THE N
0 (Xv (k)) = 55,1h1 (Xv (k)) +eeet
By Lhi (X, (k) (32)
Xy, BE | FRoR kN 2R S B SR € L3R
AN @ = [X,; H,|, B4EH A X, MG 58T S5
th H,; i BUE 0 = [8Y; 5], X8 Rkt
R HY By s ARSI 6 (k).

@ (k)= [y(k—1), -, y(k—na),
ulk—1), -, ulk—mnp—1),
T
hl (Xv (k))v ) hL (Xv (k))] <33>
0(k) = [B558Y] = |85, s BE L
k e gk }T
BEES, R k — 1 2S00 18 5 B As 1A
j(k)=2" (k)6 (k—1) (34)

AR — Mk AT AEL W 0, IF 51 N1
S D (RS PR, BTN
6 (k)=6(k—1)+K* (k) x
[y (k) — @ (k)6 (k- 1)]

K*(k)=P(k-1)® (k) x (35)

M @7 (k)P (k—1)® (k)]
1 1

P(k;):X[I—K*(k)@T(k)]_ P(k-1)

Hrh, K* (k) AR/REME, P (k) th7r 25,
ZHWMA 0 (0) FIH 7 ZHEBEYIE P (0) it 5 263
PR, N B ER T, HREDEERE— &R
0.95 ~ 0.99, 7EASC I8 T SLI0 A E .
HRIE (24) FC (25), nIEEHIEN
H(zYu(k)=G" (") e(k) -
H(z71)
BF (z-1)

FLAR SR R T

IR 1. AR B LR B, A A I R AR da N
Xy (k) = [yk), -+, y(bk—na + 1), u(k), -,
u(k —ngp)|", WG SCN AL 154 ¥I1E 6 (0)
AP (0), B0 (13) THE EHEH /- o A .

IR 2. WE TR 7 TR R e, B
e R HTHE 6 IR AR AL K (17) SRR
FUHT BT, TR 2= AN R BRI, 4k Sk G 3
W PR 2 R ST PR 3.

IR 3. AR I 25 H R EE T AR AR M AR S
fiHE A - B MR RUR @ BT THE o, @i
3 (28) THEYIaG RSN

BB 4. [ELREILRIBATEIR G & i Z 4
RN & @ (k), EIAE BTG RET A, il4E
(35) FELIAE TR 6 (k).

BB S, B RGEEEAT, Mk 3, &
B

HB 6. 47 RGUF IHIEAT, WAL RERLIZT
Bl A5 1T ER — P

4 RREMRESE ST

DL SR A AR L 1 3 s 2 5 e
MERIUCSIHE S b7

BITE 1. 2 RS0 L R A i LA R
PERIUC ST,

1) BRETRA (), B(=) EEE Qb
1L

2) B AR YR v (X, (k) & JRA S, Bl [

o (X (K)  (36)



2008 B | 1t =2 Eitd 50 %
<M. I AFEIEE R cs, a2

JERR. SR FZLF STk [18) M7k 158 64F 1) ly (k)] < c3+ca max |9 (k)| < ecs+eaer < 0o (41)
AT 2) BOT, NG, O SIS

5138 2. SCN LAY EA 40~ i

1) limg_z, len]]® <er, Lo M3 %,
er, NIRER .

2) |0 (k)| < ||y — XTB1| + llecll

JUEER. PR 1) AIPERG 2) B (21) Bk,

O

5138 3. ¥ SCN LAY iy AN 2H 5B 43 X (32)
AR (33) LAA HIERAH A5 (36) BRI RS (31)
i, A e (k) =y (k) — ®7 (k)0 (k), 5% N
AR T (AP ET 20 ):

HAkF + BEGF — 11, IT, y (k)|
e HA* + B*G* + 11, | |u (k)
BrkGF H
Ak |V (k) + o e (k) —
HBFK* —H | )
N v
HAFK* + GF
(37)

I, = HA* — HA!
Iy, = HB* — HBF 1

®

H3 _ Aka _Akfle
I, = Bka _ Bk—le

IERR. HISCHR [24] HA3EhSRETIEMROL. O
R 1. Gl S AR A& R 2R A B,
FEAF AR TH I [0 (k)| < M < ||Y — XIB:|| +
lep |l . FEFEMHIEE (36) FIPEHIT, #dxt R KA

H—EeA A, A
u (k)| < o0, |y (k)] < o0 (38)

BEE 18 1y () SRR RO HE y (k) 2 700
FAASIRE (k) T2
Jim [y (k) =y ()] < =

Hef, e RpBSREWRN LAY,

MERR. e /2 SERRE 5L MEBALE A AR 7.
A (21) AR le|| (L =0, 1,2, -+, Lo) & K)T 51
Gk [o (k)| < M, M = [|Y = X7 B + ezl

MR SR [24] 77, B (37). yap(k) A
Koy (k) WG FEERT A, AFAEIE R B er, oo W2

lu (k)| < e1+co max | (k)] < e1+caer, < oo (40)
0<k'<k

(39)

H 2 (30) I (37) BLE sy (k) R (k) A7 51

25 AT REEIN u (k) Ay (k) B 5t
M (37) IR, Mk — oo B,
Jim e (k)| = lim [ys, (k) —y (k)| =

‘(Hflk +

Bka) y (k) — B*Gry,, (k:)’ (42)

1m IS
k—oo | BEGE
A

lim |e (k)| = lim
k—o00 k— o0

!/
e ‘He (k) +

My (k) — Mau (k) -
[BRR = ] |o (k)
X (25) B BFKY — H =0, FRIEE X5
I limg oo [T =0, =1, 2, limg_o |[He (k)| =0.
e (37) VAL yop(R), y(k), u (k) o (k) BIA 5
PERT AN, AFAEAE R/ NI IE R e, Wi 2
dm [y, (k) —y (k)] <<

(43)

5 SCIGFAE

51 BUEHEXEE

NIRRT $R BRI R, RISASCT 5
FGE TR BEAT BRSO B SRR R H bR
ARG y () BREEZE L w (t) =145 (3 <
t < 150) Flw (t) = 14 (150 < ¢ < 300). & LA &
B TR AR 2 1 R G RN R

y(t+1)=1.66y(t)—0.66y(t—1)+
w(t)+1.26u(t—1)+
0.02sin (0.5y (¢) u (t) +
2y (t—1Du(t—1)) (44)

M0 (4) AT1%, A(271) =1-1.662"1 + 0.66272,
B(z7') =14+1.26z71 ZH (44) FRGH AL
P T 0.02sin (0.5y (t) u () + 2y (t — Du(t — 1)) )&
A5 BTN B G RAE I SSIN, BRI P(27Y) =
0.8, Q(z71) =0.15.

30 (44) MR GAE RN I #) SISO R4,
WO SO 4, T SO 1078 (10, 20] BIIX
] Y BEHL A 2 100 S4B w, AR #2) 2
2 000 41 SCN R[5 i & AR SOy



10 #4 ARAFEE: T SCN FEHIA SISO JELR M B & v % 2009

VRIS SO T = 10, AR 125 2R HHE AL g
SR RN 9. T e U R G EARAE I KK,
IR BB G T B 2 R B L AR

FE 252 S I 5 238 S ] LT 8 1H AR
MR . e BEAN TR A A B, 7T DA 280 i s Hdis 1)
BISHOR. SCN S5k 1 € i il L sl g2 i) 77 ik ik
WEENBEERN T, REBEEHET X 0.96 ~
0.99 FVEH WEUE. Wi 3 Fros, 2 X BUEN 0.98
I WAL S A PR

15.5 T T T T T
14500 08 w(t)
i ——A=0.96
15.0 |50 0t oo
14,500 00 —A=0.98
14 5 n 110 112 114 116 118 120 )\ = (].99 B

|

st M po pA A
14.00

P R Gk
=

13.0} 13.98 V \; @
. . 139060 160 164 166 168
0 50 100 150 200 250 300

PN

3 AFBEE T TR RS
Fig.3  Output of control system under
different forgetting factors

SCN 5444 RVFLNN (Random vector func-
tional-link neural network) ! Z A4 B8 19 X] Lb
PR, AEARSTEE 7 EH, SCN R 7E 58
TR B B R AR ) DL R A R AR 2 Al R 22
ERERBI T A5 RVFLNN 7. 75 i 5 1 Y
WRZE G, BTSN I AL O 5 AR R A
SR, ARSI T BE A 7 RE I A LA,
LRI AR 1 52 B B Z0 PR A1, 38 52 AR
SER LA S 25+ AR RS . BORAE AR T S
P, e 3k vt 75 s B R A e I AL 2 B e B Y
T VR EAGEE, (B SRI TS R R S5 ) Dk
AR E]. AN, T SCN BT (38 57 R AE
B LR R R EL, G T ORISR R
A, BIAE L IR AR LA R G AR PR B T B/

NIAEA ST ERITERE S, N TR0 22 i
LLPERIRY. BP (588 FHRMALT . ANFIS 22 8
FRR B 5K SON #di IR sh A5 A i) | o b 428
il 77 AT X B, PEd R IERE AN 4 ~ 7 .
2R T EET 4 PRI B & N T
BTk T 10 BE B B AL R AR AR THEL P 2 260

R BAPEREXTTE

Table 1  Performance comparison of models
" 1 N . BRI BIRIEL T
TRV BE b HE5RT RANE I ] (s) Y KT 2
t£4; RVFLNN f 7! 17 0.257 19 0.004 6
SCN 155 9 0.245 82 0.001 3
15.5
— —u(?)
22 HLER MR AL 1Y) [ 3 A O i
15.0 | ——— 5T BP A R [ & B T
—— BT ANFIS 22 & HH RS ARL 1) [ 38 4% ) 77 i
— AT
gf—i 14.5
]
W&
£ 14,0 W
:&t
14.002 K
14.49 14.000
13.5 s 13.998
10 15 20 13.996
1:ms)4260 265 270 275 280
13.0 | | | i |
0 50 100 150 200 250 300

INEERAS

K4 46 R g4 R T
Fig.4 Comparison of the output of the control system

15 . . .
25 LM R I) E3E B T
Lol | T BP B SR  E ri
' —— 3T ANFIS 22 BB UBER i L& Rl 7 i
—— KX
0.5
=
€ o
B
:@j
-0.5
-1.0
-15¢ I I I I I 1
0 50 100 150 200 250 300

I fa] 22 1
5  fEH ARG LE

Fig.5 Comparison of the input of the control system

%7 (Mean absolute error, MAE).

HE 4 FTE 6 7T I, JEZtEdEHIB AN GIN T &
AR BB AR, FAAS IR 22N T T 2
L A, e AR ST 9 A o e L AL S
MASATERE SR LF. &l 5 AT, JE T 50 B R Y
2 A A AR B K. AR SCHIE 7 I A ik A5
Al Th ) B & N 5 i, A A AR TR R Al i
MITERE. 2SR IEM R K T AR R G
BN, AR AL T R 22 i K. T 52 B A



2010 H B th s i 50 &
05 —————— SR AR PEAT IR 22 B T i R, WA T 47
o4l e A L Tp ot i

——— JET BP A H YRR I E R TR RE.
0.3 [f | —— 3T ANFIS 2 BHHABUR I F1E R 1 i
I i 52 TARRAAEMR
g 01 W i 52 07 5 B FH A Y — B EE A i A
Z 0 fm = AT LA A IR FE RN, K53 B e s
F g1 | oo o ] [ i, A e S R (AL B A AR T SR [25).
02" : SR AN R B A O I R R A )
. (, WA IR 5 4 99 14% (TR HRRE, 9 IR B i
~04 ool . R B T WIUE % w (0) = 1530kg/m®, 4518 N 8kg/s, [Al
-0.5 = o o o 5 00 B e (-1, 1] MEENLaEZE. 2 XN 0.97,
IR )25 K Pz =08, Q(z71) =0.2. KN & EVIEEEM
Blo i G R N 14%, 20 min F# B EIREEN 12%, 40 min I
il ARG W R . VL N N
BB E N 13%.
Fig.6  Comparison of the output errors of - \iE \ et e N s
] oot L ORUASCH ) QBB R )
W AE, FIH SCN Hdh 3k 20 A5 8 F & I B 753 5\
0.06 : : : O FRAE B, RO SRR B T B2 R N A
— -~ GUHREPRARIT -~ PN 2 5 S O 1y
oo el Pt R G AR RO TERE, A 5 S R A
. - o B BN .
e e TN, J5e 2 (R 2R G5 1 VE RE Fi b 1122
o Ul mEEE PEREHHR, SRR 8 A1 9 BT,
K (0] | —— | ——— —
ey e e it %
a il 15 . . T : T T
S et Sueera I - B
I 0.015 . . - T ldr —
h —0.04 R 34015 25 A i i W
. 0.010 &1 13 a
~0.06 -(J.I.)US -]\\5 12 A - i
2 PR T BP (9B BT ANFIS st ES Wi 11 1 1 1 1 1 1
—0.08 P 160 150 2[‘30 250 200 0 500 1000 1500 2000 2500 3000 3500
IRJIPIZRS
ENIEIPIZS
s Bl 8 FET SCN FARBLAL A 4y 7 B PRER Y Hl 4
B 7 ARRPE RGBT R T Fig.8 Output of ash content tracking control based on
Fig.7 Comparison of model estimation SCN data-driven model
errors of nonlinear systems
- 0107
T2 PRGBS ERER & 005
Table 2  Comparison of performance of model estimates for K 0
control systems E 0.05
B TR AU SR RS MAE - N R R
FeT LAY 3 A 0.009 2 0 500 1000 1500 2 900 2500 3000 3500
ST BP 2 AR S S 0.007 0 RIRSR
BT ANFIS &8 HHRBER K B & A% 0.005 1 9 BT SON a8y i) 5 A ik I
T SON SR M7 i 138 R 55 0.001 3 IKorEr A TR ZE

TR R AR 2t 2R Gelin th 5 BaMEAL o R e VA 2 i
ZIE R ZE (REBR B ASI) BT R LA 22
B, AR AR B AT, HAUE AR E & 3 B
RS RR Z R BT, i gen 1 EfPERE. 5 B
RTTEANFE 52, AL SCN K s 5K sl 15 84 0] H 3
HEE SR BERE T ARV E R, W 1AL

Fig.9  Estimation error curve of ash content in dense

medium separation process based on SCN data model

Hi &l 8 T, 7EJE T SCN ¥ sk zh # AL ) B
BB > AR LRI & B R G S BT
3 A s A il SR 1 e A T R
RSN TN K 73 & B A% ) R 48 P A ARk A 20 gt
ITahes, RESHETBE RN, HEEH R



10 3

ARAFEE: T SCN FEHIA SISO JELR M B & v % 2011

G R 22 BENE PR AR — € VEH A, HLAE 20 min
A 40 min SR 7 & B YRR, Ko B
i R G ERERROR A, Fa IR ZE /D

K9 DR SCN Hos X Al AR A Al 1 14 2 /1 ik
IR 58 g PR y Z IR THRZE Ay, ATEL
B2, K E B EE AL, SON B K
gy B A T BUBCR W 22, (BAEJLAS KA
JA 3G, 2% 1 5 33 A8 45 i T R 2= 4/ B
+0.05% LAY, SCN Hudls SR sh A5 R i 37 1)K 73 5 &
PR ARG TR R 2 S TR PR R v, BEG G 2
REAUAR AR EN A M B & B 5 BT 25K,

6 Z5RIE

> 5 SRR A R A HH LU S5 18 BEXHE L
SRS R AR S B S R G, 1) ASCRH]
W8 5] U5 S B L, PR S S S 4
BEAT A B SR AL, ORAIE T SCN £l 4l K 5l 185 Y )
TIREIEREST; 2) Wit T AA BSR4 1
SCN, $2 1 7 72— il J X s AR 2 1 R 4t
AR 2 PR AR R e i AR 2 1 AR A 51 25 [R] I
EERE, $m T X AR 2Rt 3245 R G RS
3) G — TR AU S ) R SRR
b L S AN B KB AR A A5 R, SEIL T R
SR ERSAMESR SR B EILRE. &L,
ASOS — RARFNBN S AL R GER RN 5 E
o4 i) 7 TR A S P PR A — s AR . A SRl
TARITTENI T T EIF AR TAE: 1) SIAZHEL
R T AR A JEAE, R AR S5 30 43 Bty
AR R AE, B N R AT ENE, LA
XS HOR A R L; 2) KA ST i1 N
™ e 28 22 i N — 22 it R SE B B 1 5

References

1 Gao C H, Jian L, Liu X Y, Chen J M, Sun Y X. Data-driven
modeling based on volterra series for multidimensional blast fur-
nace system. IEEE Transactions on Neural Networks, 2011,
22(12): 2272-2283

2 Diaz S, Luque J, Romero M C, Escudero J I. Power systems
monitoring and control using telecom network management
standards. IEEE Transactions on Power Delivery, 2005, 20(2):
1349-1356

3 WuZ W, WuY J, Chai T'Y, Sun J. Data-driven abnormal con-
dition identification and self-healing control system for fused
magnesium furnace. IEEE Transactions on Industrial Electron-
ics, 2015, 62(3): 1703-1715

4 Biswal G R, Maheshwari R P, Dewal M L. Modeling, control,
and monitoring of S’RS-based hydrogen cooling system in
thermal power plant. IEEE Transactions on Industrial Electron-
ics, 2012, 59(1): 562—570

5 Chai Tian-You. Development direction of automation science
and technology. Acta Automatica Sinica, 2018, 44(11): 1923—
1930
(BeRAMi. AR SRR R RIT. AR, 2018, 44(11):
1923-1930)

6

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Landau I D. A survey of model reference adaptive techniques-
theory and applications. Automatica, 1974, 10(4): 353—379

Chai Tian-You, Yue Heng. Adaptive Control. Beijing: Tsinghua
University Press, 2016.
(BeRM, FEAE. EE R Jbat: EHRE AL, 2016.)

Ceperic E, Ceperic V, Baric A. A strategy for short-term load
forecasting by support vector regression machines. IEEE Trans-
actions on Power Systems, 2013, 28(4): 4356—4364

Milanese M, Vicino A. Optimal estimation theory for dynamic
systems with set membership uncertainty: An overview. Auto-
matica, 1991, 27(7): 997-1009

Zadeh L A. Fuzzy logic, neural networks, and soft computing.
Microprocessing and Microprogramming, 1993, 37(3): 77-84

Xu Feng-Xia, Zhu Quan-Ming, Zhao Dong-Ya, Li Shao-Yuan. U-
model based design methods for nonlinear control systems a sur-
vey of the development in the 1st decade. Control and Decision,
2013, 28(7): 961-971

(FRREE, RER, BRI, /00w, 52T U BR R EL vl R 45
WA IriE R R R ERR. 42| 5 R 3E, 2013, 28(7): 961-971)

Chen S, Billings S A. Neural networks for nonlinear dynamic
system modelling and identification. International Journal of
Control, 1991, 56(2): 319-346

Panjapornpon C, Saksomboon P, Dechakupt T. Real-time ap-
plication of pH control in a carbon dioxide bubble column react-
or by input/output linearizing control coupled with pH target
optimizer. Industrial and Engineering Chemistry Research, 2018,
58(2): 771-781

Gao Y, Er M J. NARMAX time series model prediction: Feed-
forward and recurrent fuzzy neural network approaches. Fuzzy
Sets and Systems, 2005, 150(2): 331-350

Chen L, Narendra K S. Nonlinear adaptive control using neu-
ral networks and multiple models. Automatica, 2001, 37(8):
1245-1255

Wang Lan-Hao, Jia Yao, Chai Tian-You. Double rate interval
control of pump pool liquid level and feed pressure in regrinding
process. Acta Automatica Sinica, 2017, 43(6): 993-1006

(2%, BIRR, S8R M. BB AR I S AL 45 1 F B0 2 X )
il HahEER, 2017, 43(6): 993—1006)

Zhang Y J, Chai T 'Y, Wang D H. An alternating identification
algorithm for a class of nonlinear dynamical systems. IEEE
Transactions on Neural Networks and Learning Systems, 2017,
28(7): 1-12

Zhang Y J, Chai T Y, Wang H, Wang D H. Nonlinear decoup-
ling control with ANFIS-based unmodeled dynamics compensa-
tion for a class of complex industrial processes. IEEE Transac-
tions on Neural Networks and Learning Systems, 2018, 29(6):
2352-2366

Wang H, Wang A P, Brown M, Harris C J. One-to-one map-
ping and its application to neural networks based control sys-
tems design. International Journal of Systems Science, 1996,
27(2): 161-170

Ljung L. Convergence analysis of parametric identification
methods. IEEE Transactions on Automatic Control, 1978, 23(5):
770783

Wang D, Li M. Stochastic configuration networks: Fundament-
als and algorithms. IEEE Transactions on Cybernetics, 2017,
47(10): 3466-3479

Pao Y H, Park G H, Sobajic D J. Learning and generalization

characteristics of the random vector functional-link net. Neuro-
computing, 1994, 6(2): 163—180

Dai W, Zhou X Y, Li D P, Zhu S, Wang X S. Hybrid parallel
stochastic configuration networks for industrial data analytics.
IEEE Transactions on Industrial Informatics, 2021, 18(4):
2331-2341

Dai W, Zhang L Z, Fu J, Chai T Y, Ma X P. Model-data-based
switching adaptive control for dense medium separation in coal


https://doi.org/10.1109/TNN.2011.2175945
https://doi.org/10.1109/TPWRD.2004.833918
https://doi.org/10.1109/TIE.2014.2349479
https://doi.org/10.1109/TIE.2014.2349479
https://doi.org/10.1109/TIE.2014.2349479
https://doi.org/10.1109/TIE.2011.2134059
https://doi.org/10.1109/TIE.2011.2134059
https://doi.org/10.1109/TIE.2011.2134059
https://doi.org/10.16383/j.aas.2018.c180252
https://doi.org/10.1016/0005-1098(74)90064-8
https://doi.org/10.1109/TPWRS.2013.2269803
https://doi.org/10.1109/TPWRS.2013.2269803
https://doi.org/10.1109/TPWRS.2013.2269803
https://doi.org/10.13195/j.cd.2013.07.4.xufx.023
https://doi.org/10.1016/j.fss.2004.09.015
https://doi.org/10.1016/j.fss.2004.09.015
https://doi.org/10.1016/S0005-1098(01)00072-3
https://doi.org/10.1109/TNNLS.2017.2705379
https://doi.org/10.1109/TNNLS.2017.2705379
https://doi.org/10.1109/TNNLS.2017.2691905
https://doi.org/10.1109/TNNLS.2017.2691905
https://doi.org/10.1109/TNNLS.2017.2691905
https://doi.org/10.1080/00207729608929200
https://doi.org/10.1109/TAC.1978.1101840
https://doi.org/10.1109/TCYB.2017.2734043
https://doi.org/10.1016/0925-2312(94)90053-1
https://doi.org/10.1016/0925-2312(94)90053-1

2012 =l 3

S 50 %

beneficiation. Control Engineering Practice, 2020, 98: 1-12

25 Zhang L J, Xia X H, Zhang J F. Medium density control for
coal washing dense medium cyclone circuits. IEEE Transactions
on Control Systems Technology, 2014, 23(3): 1117-1122

K PEEREE B S L
FEEBE . FEM AT INERT
M R AR, B AT AL 5 . AL
S ()

E-mail: weidai@cumt.edu.cn

(DAI Wei Professor at the School
of Information and Control Engin-

eering, China University of Mining and Technology.
His research interest covers modeling, operational op-
timization, and control for complex industrial process.
Corresponding author of this paper.)

SKBUE AL sURHEOR S H B 2 B 1
LR TR, 2021 EHRAG H E R
5 B B #H TR Bt Lo hr. 38
HIFFE 77 1) 9 s R AR SR, AN 00 >R
FERCE (@B, Rt B 3 R
E-mail: zzxqlkd@163.com

(ZHANG Zheng-Xuan Ph.D. can-
didate at the School of Automation and Electrical En-
gineering, University of Science and Technology

Beijing. He received his master degree from the School
of Information and Control Engineering, China Uni-

versity of Mining and Technology in 2021. His re-
search interest covers feature extraction of data, mod-
eling of irregularly sampled data, and nonlinear adapt-

ive control.)

BEM  PEAE R ST
FEEBE AR 2009 FRAFARAL K1
T EEW IR RS,
BT,

E-mail: chunyuyang@cumt.edu.cn
(YANG Chun-Yu Professor at the
School of Information and Control
Engineering, China University of Mining and Techno-
logy. He received his Ph.D. degree from Northeastern
University in 2009. His research interest covers
descriptor systems and robust control.)

S EE R B S T
PR B, F B A7 10 i A%
hill, PSR, W2

E-mail: xpma@cumt.edu.cn

(MA Xiao-Ping Professor at the
School of Information and Control
y Engineering, China University of
Mining and Technology. His research interest covers
process control, networked control, and fault detec-
tion.)



	1 控制问题描述
	2 数据驱动建模方法
	2.1 模型结构的数据驱动学习方法
	2.2 模型参数的数据驱动学习方法
	2.3 模型的收敛性分析

	3 数据驱动的自适应控制
	4 稳定性及收敛性分析
	5 实验研究
	5.1 数值仿真对比
	5.2 工业应用仿真研究

	6 结束语
	参考文献

