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A nonlinear intelligent modeling method combining system identification
and physics-informed neural network

ZHANG Yi-nan, NIU Hong!
(College of Sciences, Liaoning Petrochemical University, Fushun 113001, China)

Abstract: A nonlinear intelligent modeling method is proposed for a class of nonlinear dynamic systems, integrating
the recursive least squares method with a forgetting factor and a physical information neural network. This approach
facilitates the dynamic modeling of nonlinear systems. The recursive least squares method with a forgetting factor is
employed to identify the unknown parameters of a low-order linear model. By incrementally updating the model
parameters, the method effectively addresses dynamic changes and parameter jumps within the nonlinear system,
gradually refining the model based on data information to enhance accuracy. Following the establishment of the low-
order linear model, a physical information neural network is utilized to estimate the unmodeled dynamic unknown
increment. Prior knowledge of the mechanism model is incorporated as constraint conditions within the physical
information neural network, allowing for rapid convergence to the optimal solution and improved modeling accuracy.
This method addresses the challenges posed by insufficient data samples or data corruption in actual industrial
processes. The effectiveness of the proposed method is ultimately validated through numerical simulations and
comparative experiments.

Keywords: physics-informed neural network; nonlinear systems; unmodeled dynamics; recursive least squares
method; deep learning; complex industrial processes

0 3 T VA B B R SRR AE R G AR SR Atk b, 57 R
2% RGEAE RPRIELME. MIBARTE SR, RIS R, 5 FEBAR RIS sl A S
FORSTH B AR 8 — B — IR R PR X SR s e Rk, $RTT T RGP TILRE
AL R oA B s MRS THRZRIT TS XA R SRR VAR R T 2
AR E B SH WRUR M THEAE S 2 — AW RE RO, Wbk w0 A 4%, (EAE SRR ],
THAE RSB R AR L ST R B R RS B AR LR M T A A A R 3K

Wis HEA: 2025-11-05; FF H#A: 2026-03-18.
EEWA: FHXHAEHESE (61603168).
RERE: %

HHAE/E . E-mail: 13942393197@163.com.



2 = % 5

xR Ext

S, X AT B R BCR AN RIS, A% GE g A7 1
M TR B 25, B 1 280 o B B R ) A
K.

SC R G R TR A B K B A KR
AR = KEBE VR, TR A RPN SR
JEE 2 ST TR & d AR BEE A 92 TV R 8l A et v
B BN Tk, BETHENR 5 HOR 1)
SR, RGHHRAE R PRR EE R AR B S LA
o) BREERE ) N TR BRI ARG, 1 R HER
i i I o ) SR KT 55 91 LB K, G ) o . ™
RN T RGEFHR, @57 T Re S B
MARELMERG ST IR RED. HAl,
BP(back-propagation, BP) i £ % 2% . K % 5 12 12 )
#% (long short memory, LSTM) LA JZ 71 35 i 28 Y 4%
(recurrent neural network, RNN) &5/ ¥z B H{ T & 4t
PERTL SR R B IR S, R AE A
VRBIE ST SuR ool AT S S G A el LA D
ISR IR AR, MR R PHR SR SIS &, 5
LT PR R RS AR SO R T R
SR 1 b S ARk SRR B N 4 A 4 A
gy k. S B T B bR T R S
PRSIk, S T Wt . S R FFRLS B3
E LR A 4 P b v B S TR o e A 2, s
FIH RNN #HRAEL M R AN BAT R, 1L 5 RNN
TEAC TR NS BN A R GUIT Ty H I R 0 O Blshs BV 2K 1)
B, SBT3 Bl RGHHR S LSTM
M E T2 A AR, 256 i IF) B AR TR 458 ) SR S,
R T AR @R TR,

Yy G B b & W 4% (physics-informed neural
network, PINN) ¥ 47) 38 52 1 9 29 o 2% A ik N 21 #if
25 [ 2% [ 403 K PR B R 38 T X 1 T 40 DX 8% (1) 4
SRR, INaE 7R P B I, AT 4 oK
FEAR 3 7 R R HERA R M0 [R]IN, H T B E R
2970, PINN £ 5/ 04 55 H040 A7 i sl 2k A% 00
[F R T LA SR A5 R4 . S $R T ST PINN
TR EE M L 1] U1 D %, R P B xCds ol 7 R SR RS IE pih 42
EEI eI DN CiES E 2t Pk 2 Rtk PN
PR 2% 1R 451 2% B R, ORAIE T I 2% S 0 TR
B — B, e AR T —FhIE T PINN (2 0
T, KRR B B R R, e ek &
GiAfr o AR Ze Ve 70 5 R AR B A AR R 4,
NEIARLNE RGERIRG AR 1R,

A SCAEE FFRLS 5 PINN #EAT 87 REREAS. 15 %%
KA R 40 1) N th B, dl i FFRLS BEHHRAK
B A5 2 R R 0 22 85, BRI A PINN X E& M R G

AR AN A AR A E AT A h, B3 R Z (mean
squared error, MSE) 1 Jy 5556 HITH K A\ PINN 451 2%
BRI, AU AN BE 08 77 A B AR, SR Eﬁ%@
B R 5 S g R 0 — Sk, ATk —
TEABENE FEE . dd SR 1 B0 S, WﬁIETFﬁTEﬁPi
A R
1 R
— R T FE B B A AT A IA
y(k) = fleplk — d)]. m
Hhpk—d)=[yk-1),...,y(k —na),ulk—
d),...,u(k —d—np)]" AEARAE; £(-) NIELE
BRI y(k)s w(k) R FIRIN; d > TABHTG na .
ng NI K.
ARG (1) 787 &5 Taylor JEIF, AI 13

_ Ofle(k — d)] L
_ Oflp(k —d)] L
b, = “Oulk — j) ly=oumo j=1,...,n5. (2)

53"V, ¥ d = 1, WAL (1) TRRAN
Az y(k+1) = B(z""u(k)+
v[p(k — 1)) + Av[p (k)] (3)
Horp
Az Y)Y =14az'+...+a,,z "
Bz =by+ bz +...+b,,2"" (4)
vlp(k)] JmbirdE gt s 2, *f\ﬁ*ﬁﬁ%ﬁﬂ@, HAR
RN LBR R GE P AR BARR LA R 1 B IR
o Gy @ AN 1 ) AN o vl N 5
Avjp(k)] N HAREN G &

B EE RN
yk+1) = —ay(k) —ay(k —1) — ... = bou(k)+
biu(lk—1)+ ...+ b, ulk —n,, )+
vlp(k = 1)) + Avlp (k)] =
[y(k),...,ylk —na+ 1), u(k —1),...,
ul(k —nB)] [=ay, . o=y by, by
ol — 1)] + Avfgp(k)] =
D] + Avf () 5

(k-
@' (k)8 + v[p(k —
Horbr, " (k)N RGBT M H 77, o(k) A E 17
=, Oz Hua &, B
(k)=ly(k), ., y(k —na), u(k), ...

0=[—a,—as...,—Gn, bo,....b,

2 Bt

12 P SR AR LR MR (1) 3R G 5 R, 5
BB TR TR A AR R, IR K
£ MR HT B IR E, 25002 W TR

B



FxH

KTk ¥ AR R EWELRE LAV ERM L BRSNIFRREY

AE AL T5 ik 3

e SHUBHGEY. Bk, A5 N FFRLS Hikx}
RGRI AR B R S S B0 AT HEN. RN
R, BRI T 2RI T8 S 5 v AL 1 [ R
FH 6 0 ok | F 50008 () R, ST A T H 30 6 A 7Y
SHCHRR I RZ A, AR 2 B8 B PRER F i SR (1)
H1 3% (5) AT, RGURM L1380 IS HHR 7
FEA
gk +1) = " (k)0. (6)
Hrb, gk + 1) ARMMRETY 1 .
1 (6) XIS HUG T TR

A §<k+1>:soT<k>é<k>.A -

o (k) =[Gy, —Qay ooy Gy Doy by

y(k +1) >N FFRLS 5 vk #1159 21 (1 B3 5

6/(k) 9 kI ZI 565 @ (4 1H {8, 5% FI 0 F FFRLS %35

HATALTE

O(k) = 0(k — 1) + K(k)[y(k)—
@' (k—1)0(k — 1)]

K(k) = — FE=De(®)

A+ ' (k) P(k — 1)p(k)

P(R) = 5 [T~ K(k)p" (R)]P(k — 1)

Horb ST 0.9 < X < 1; K(k) B2 i hn
BUERE; P(k) el i i Js 258 135 P(k) [
Y AR RE; 0(0) 5 P(0) NS BNV, YE )

BN
{é(O) =€
P0)=al

Hrb, o A KIIESZHE(101 ~ 10'), e AZE M
FELFR /N IE S )
3 PINN JELRMEFHR L

R RGNS E R A LI RS OL T, R AR
Bt AR ) — R 42 T I HAR e
28 W 28 | SRR A T R B, X AR A G b 22
28 SRR P R T EE AR T U R 1 B0E DL R
T PINN A& — Pl fah 28 0 26 5 26 56 K iR AR 25 5 10 )
LRI, E R T IR FE A 2 N 25 A DR R 08 T A% 1)
B 71, 72T U B B R AL AR B R G 1 L T
% 2R 1 1) . T PINN A 26 2 80 (1 56 6
SRR A T ALY o I R I R A5 Ak bR A R LA, i
% S ILLE /D B AR B BEICHE B 9 2% A4 T B 4 )
% A2k 2R G A

H T Avlp(k)] K&, T kB2 Avje(k)]

(8)

BEAT Ak 7. R FFRLS 5% 3k 43 2 5000 £l 1F
6(k), NITF3E15%H PINN 1t Avfp(k)] #5013
5, FER I PINN Xt Avlp (k)| #EAT i1, 75 2 4l
HE Ad[ep(k)]. Mk B %] PINN S5 54
Av[p(k)] = y(k+1) — " (k)0 —v[p(k—1)]. (9)
130 (5) AT, A AR BB AR R B R 2
Avlp(k)] = y(k+1)—¢" (k)8 —v[p(k—1)]. (10)
A1) X MRS TN
Ablp(k)] = §(k+1)— " (k) —blp(k—1). (11)
MR &E o(k) 53IMES Avle(k)] X
PINN BEAT I ZR5 2 1E, 3 1 159 3 H T — i 204l vt
1 Ad[p(k + 1)].
3.1 M%EMBT
PINN M 25 28kt 1 fros
FEFE 1 A1, PINN [0 26 3= B0, 35 i 17 45 32 01 J 1)
FAFWAER 3, foer EHED, AR B =
AN L AL RS, T2 45 2 1) 2 ek AL AR v A .
DANERS AN k) =yk-1),...,
ylk —na),u(k —1),...,u(k — 1 —ng)]", X p(k)
BEAT BRI AL 3
p(k) —p,

k) =
‘Pscaled( ) o

(12)

HP, pocarea(k) FIPRAEACERE R &, o, NP IR H,
0, JobRbRE %

Ko = [:U'yhuyv y Moys Poay Py« + 5 o

na+l np+1 (13)

0, = /(4 + )02+ (ns + 1)

Hodr, p, NP5y (k) I BME, w, 5N T 5

u(k) IE, o2 N e 5y (k)75 %, ol A%
FE Bl (k) 77 2.

1N

]T

n=t (14)
2 ]‘ I; 2
ot = > (ln) — )

2) BRURZ LR 3 EAEREE, 82 100 415 A,
K HOUH IEY) (tanh) 305 R 2T
B 1 Bk 2 AU B T R




4 ¥ % 5 & K BxH
i K Ky
s . B s s B out = 155 A %L Loss function
Wb O W'\ b O W
O Loo= § LAV Lo (R]-20(p (k)
\ A(o(k)) )
: Q1 2uld=To@I gt —
®) / L= & 31 P
: : Vo (B)=H (13 A (1]
{122 5% HQ%NQI networkO
PURETR ™ o I L= Lot @, Lo, |<_
<1077
S End e
E1 PINN &t Av|p (k)| BIZEH
ZMk) = W'aarea(k) + b H.(k) = Dropout(H'(k),p = 0.2) =
H'(k) = tanh(Z'(k)) (15) (Wl (k). Bl oo ()] (22)
1 100
bER oo, B (k) A | BRS8N T i
W gt N 2 21 Bl == 1) B e A B AR (1 3
wy Wy gt h; (k) = Dropout(h;(k),p = 0.2),
W= : (16) i=1,...,100. (23)
1 1
w100,1 wloo,nA+nB+1 EEF', pﬁ%/ﬁﬂ%%
bt I E I & 55 2. 3 FAHE IR BE BRI S 7 s
=[b,..., b5 )" (17) Z(k) = WH; Y (k) + ¥
AV E RN SETGNIE N H(k) = tanh(Z'(k)) ,1=2,3  (24)
. bl c RIOO
ZE) = lalk), 2o (8 W= [W2, W8 1 — LR 2 51 54 IR 2 2 1]
= p EE’ - T pay T =
Horp, 21 (k)N 1 BEZ R MR T AU A ’
o T (¥ 42 A L
Z wijgpscaledj (k) + bi, wi,l wi,lOO
i=1 W = L 1=2,3 (25
i=1,...,100,j =1,...,na+ngy+1. (19 who s -
Hor, w! ForRMANRESIMETEE L RBZEN poymE s
RS LRt 2(k) WS TRUR IORP 2 TE MU AR
H (k) = (W (k), - hi (k). BB (20) Z(k) = [2(k ) 2 R, 2 (R
Horb, bl (k) AEE 1 BEGEJZ 2 oA P2 T iB0S i 1=2,3,i= , 100. (27)
h;(k) = tanh(z; (k)) = o, 2 (k)?\]'éﬁlﬁ%m)%%z NEUEZPTR TN
nat+np+1 100
tanh( Y W' Puearea, (k)i = 1,...,100. =S wl it 1=2,3,i=1,...,100.
~ -
(21) (28)

H (k) | B Sm i A e 2 302

H (k) 9585 L WA 228 7 Ot it e



FxH

KT %: AR IREHELRE LAVE

M 2% ek A0 AF M AT AR AR T ik 5

Hl("’) - [hll(k)v .- '7hi(k)7 .- '?hlloo(k)]Tv
[1=2,3,1=1,...,100. (29)

Hr, ik )ﬁ%lﬁ‘:"aﬁfﬁﬁ%gm\ﬁ 2 TR0 fan
h'(k) = tanh(2'(k)), | = 2,3,i=1,...,100.

(30)
H, (k) 928 1802 o e B R 57 2
Hfi(k) = [hfi,l(k)7 EERE) hil,loo(k)}Ta [=2,3. (31)

Forr, bl (k) 958 TR 28 4> e 28 o 30 o Hi 1)
ZITH
h, (k) = Dropout(h;(k),p = 0.2),
1=2,3i=1,...,100. (32)
3) Ay EEFE 1A Rl TR AR A R A
L

Ablp(k)] = W B (k) + b7 (33)
o, Wet g5 3 Rz 2% )2 ) e R A S A R
Wt = [wi, . wie] (34)
bt i B T
b = (b7, b (35)
W= (34) ATRR N
Adlp(k)] =Y W RS, + b (36)
3.2 HURERHBT

FEF] ] PINN SR Al 77 FE IS, 15 56 K6 S BT 1) 4% 4
M NLIEITTTRE (5) BRI, 138 kN ZIAD[p (k)]
FRAE, S8 J5 A ] MSE #) E BLA) HGK AT, JER 24
FRERAT A A8 2% B BT, 1 455 451 2K bR EUPE I )
HAJ RIS B S 450K B O] LLR IR N
Lioss = Werror Lerror + Wpny Lpny- (37)
EIESEEIPS

/B EAP EPR

Ly = 373 Wrrn (B) — y(k)°

k=1
ZAU

i=k—d

(39)
yPINN(k) = y k + 1

Fort, Lo NI AL 3B 2 2 IR R HL Leyror
A THE S HIAME Z T8 R ZE S Werror 1 Liepror AL
55 Loy, WYIBRLIHSRAT, 3 MSE 1R N HLA R
R RREL Wony 9 Ly HIBLEE.

33 VGEESHEITHE

331 BIEIBE WK E

8L 0ss 8L rrrrr 6L
8WZ/OM = Werror e + | (40)

|

A Ab[(k)] — Avyu (k)] = ers yprvn (k) — y(k)
= &, ML (42) A

8L€T‘T‘O’I’

Wmt = ng'
S = Yyt

W45 AR N

(42)

332 BREBERAEE
1) %5 3 B2 (1 = 3) R R
By T2 3 2 R EUZ I B2
aLloss
om(k) ~ ¢
T I 0 R AR
OLjoss  OL,,,
07 (k) ~ om (k)

55 3 e 2= A A A LR R PO AR P

8I/loss _ 8-Lloss . T
aLloss _ a-Lloss
a0 (k)
2) 5% 2 ki) (1 = 2) EH i Nk
55 3 R R B 2 Bz BORR L
8I/loss _ ( )T 8Lloss
O (k) 07 (k)’
SGEBURE SRR g0l v s
8Llcoss _ 8Lloss 2
97(k) — OH(k) ® (1 — tanh®(Z*(k))). (48)
5 2 Beu 2 A R R A v BB Y 15

2
Ertw

N phy Nak) (44)

® (1 —tanh®(Z*(k))). (45)




6 # # 5 x K FxH
8Ijloss — 8IJloss X (Hl(k))T %‘%1 Zzlﬁjlx_xjgggi$’@']‘$ﬁﬁ$1ﬁ
oW oZ(k) (49) KR M A VIAE )
OLjoss  OLjss 2 50 0.0070 447552
o 07(k) 2 100 0.0051 434357
3) /;—g 1 ﬁ%ﬁ%ﬁ% (l _ 1)%%}?735%&[]? 2 150 0.0004 42.2802
e n o R 3 50 0.0041 41.6148
% 2 ﬁﬁm}%xﬂ‘% 1 lg‘%‘;ﬁz}% E‘Jﬁ?ﬁ 3 100 0.0011 42.0716
OL,,.. 7 OLoas 3 150 0.0010 42,9306
o (k) = (W) o2 (k) (50) 4 50 0.0001 432273
S s ST - 4 100 0.000 1 433831
ﬁﬁb‘?ﬁ(ﬁ@é&ﬁ’\ﬁﬁﬁ& 4 150 0.0012 45,5292
aI/loss aLlass 2 1
= 1 —tanh®(Z'(k))). (51 SR ~ N
970~ ommgr) © LT (2R GO B (B3t MAE AR 12%, 2101k
551 B A E R R s B O PR 72, H 2 2 BN E R, 2 WIS A5
OLioss  OLi,, b I 54 J2= B el = £ R I 5 PR e £, (R 48 S0 S
awr a7k ¥ 2y LA TEIERLIE R, ELIZAR AL T 3 2 il
OLivse _ L, 2 100 445 RN 12%, S EBUIRILS: T 3 /2
ovt  07'(k) BasHEIEE 100 7 21 1 Y 4545 AL MAE (3% 2

3.3.3 Adma fR{L5E

K FH Adma A 38 HEAT 86 BE T B SRLE, R
I 75 73 21 PR A0 SR VR D 2 S 40

T I I [ A 49 3 58 L2 B2 FIBCE W B

i3
OLjoss
9 = aw (53)
Horh, g, R T RETEZ A WA L.
—BEEAE T, ZFrAEAl v, BT T N
m; = [, 'mzf1+(1_51) 'y
{Ul =B-u+1—-p5) g (54)
Horr, B N — W S By 9 — W f S .
W ZE R IE 0, BRI
m, N v,
m, = (55)

v, = .
1By 1=5;
Horr, 1 — Biouti ZIH) —Br s iR 1 — B3 9ty
ZIM) I IR . S W R T U

m,
Vo, +e
Hodr, e RHTEPR/INI IR SREL, FRONSFIE I ARSIk 2]

BB N, = 1, FFHABECE RN, = n, - 0.995;
WG — B GhE) Ame=0; —EZIWEN
By = 0.9; ZFir%E (HIERN Y S 3) N, = 0; ZFrsE
TIEN, B, = 0.99; FiETINe = 1078,

3.4 PINN K@BEWSEIM T

SR SE B I I 46 235 ¥, 1552 b, 4 1 vk B
= 24 34 4 =, 15 RO 504 1004 150 MHIH A
HBEAT X LS, seab ah gk 1 PR

& 1A 1,2 2 G Z 150 M A& 1

A RERG P SR, RN I R I ) 2 Tl g B s
B PETE R, REBETEILA AR 1. 2R RE ST R AR 2
() S BSOSO i KGR 3 )2 BRIEUZ 100 N
PR X 8 5
3.5 FIBARAITBIHAKIE

KA B HE R A, BT B VA U Bt A B
WA 5 W, BIAESE K 5 Y FFRLS S 30041, fil & —
Y% PINN Il 45, SEiF i+ 550 FFRLS 192 53R 1% 2 fl
PINN 45 2% bR 5048 A0 26, DAY R <2 5 8 3, sl B 3@
M. Fe(k) > 10*@223}22 > 107, JHs <2 #
JE HAZE R 52 3 YK FFRLS 14X, 387+ PINN M2,
PR A& T 26 B R R 225 37 e(k) < 1078k ZILA}ZT;
< 107°, NPk A2 % A B AE K 2 8 IR FFRLS &K, i
F PINN i FEI SR, 4 B i i B,

J5T FFRLS-PINN [W)A8 & #HR D IR IR

step 1:¥J4R1k FFRLS, i E#I(EO(0) = [0, 0,0, 0]+
P(0) = 101LA S st s I -1\, R IEAR K EL 0, N
WIUG s, ¥1i61k PINN, #4548 3 2 B2 100 75
IR X 4 A, BRI 48 A R S A E WIEA A RS B
JAIAA 5.

step 2: [& & B[] 20 K, $AAT HLIK FFRLS 24X, 11
IS ZHHHRRZE, RSN E. i %=
FERE; 21t FFRLS IEARICE+1, A7 S 5T S 8 fli b
1HO(k).

step 3: JA T S AR e 75 9 R A B R ) R
3K, #7 2, WHRAT 1500 & epoch YII 4, i oK A5
AL BB THE A e (k).

step 4: ARHE S HOHE IR 1R 22 F1 PINN 451 2K pR 2048




FxH

KA F: RAHIR S MILE LAV S

M 2% ek A0 AF M AT AR AR T ik 7

AT .
step 5: fil & FFRLS [F{f 718 5 PINN f{f 18
19 5 R Gu R AR Al T HE, HEE R SRR TR

%ﬁye'rror = y(k) - Q(k)
L _3 8-Lloss < 10
Step 6H€(k) < ].0 8W0ut Eyerror
107°, Rk, B4k = k + 1, iR [A] Step2, gk4k
AR
4 BUEMTAEER

NG AR P BR SEE A RUE, SR AT IR AR &
GUAR R EAT ] H SIS
y(k) = 0.8y(k — 1) — 0.3y(k — 2) + 1.2u(k)+

0.2u(k — 1) + sin[u(k) + u(k — 1)+
y(k —1) +y(k —2)]-
wk) +uk—1)+ylk—1)+y(k—2)

)
L4 u(k) +uk — 1) +y(k —1)" + y(k — 2)
(k)

ARG AP AR TN

v[p(k)] = sin[u(k) + u(k —
y(k —1) +y(k —2)]-
u(k) +uk —1) +y(k = 1) + y(k - 2)

L+ u(k)” +u(k = 1) +y(k = 1)" +y(k — 2)°

1)+

%Iﬁ"%ﬁgo(k‘) = [y(k)7y(k - 1),u(k‘),u(k - 1)]T’
€ (k) N M
WEVIEHO(0) = [0,0,0,0]", y(0) = 0, u(0) =

0, vfp(k)] = 0, FABEFEE(R) = 107

N AN R 38 05 R 3 0 A o 45 R RS2 i, 20 )
HHL A = 1.0,0.995,0.99,0.95,0.9 H A7 % tl:%%&,
B A=1.0 K, ZEIHKIBHOUE S RLS Hik.

MAE 1B A N8 PRI IE R 2, Seih & %ZIDI 2-
3 &# 2 fw
Input Signal u,
6 ' —
i
| M ﬂ \
3 ‘H \\‘ ‘ P ‘ ﬂ ‘
2 2 ‘ oo NM H‘ H ( ‘
= m l‘“ h l; M .. ‘ J\ HM MHHU H\ “\
E 0 \ M | U I ‘ \ u ‘M‘
-2 F ‘ h ‘\ l H
o 5'0 100 15"0 200
Time Step

E2 MAESu(k)

K2R ANGS uwk), L4 REH, X
A = 1.0000, % MAE 2} 0.044 5, |H 5048 1 R 42
TMERELELEREER RS S R, 4

A = 0.9950], %k MAE B& % 0.0492, SEBL T 1 £k
PN IREERE 715 IBEARAS BRI R 1 A4,

REPLH A B R G N = 0.9908, HE ik
FEBN = 0.9950 B A T [ 24X =0.9505 X\ =
0.9001, & & FE i th, H MAE #t— 7t &, #HiR
w2 E W OR. g5 b, I = 0.995 0y A s s
T AT L.

FFRLS Parameter Estimation Errors

0.8

*al_ﬁl

0.6 | +a,~a,

b|7§1

0.4 | ~b,—b,
- Zero Error

Error Value
=
[\

0
-0.2
_04 L L L
50 100 150 200

Iteration(Time Step 2 onwards)

E3 ARGPHARE
3 74 FFRLS SRR I 22 A Y 1) 2 B i

TRZE, WZELE 0 M /MERE %, RHPHR S R e
PEER I, BOAE T 1% S R,
%2  AF[EI)NE FFRLS &M EETM
BERET A HIAMAE f2E JEMAE
1.000 0.0505 0.0445
0.995 0.0492 0.0397
0.990 0.0526 0.0442
0.950 0.0810 0.0582
0.900 0.1083 0.0784
R BA S EIEAR S, 73 3K LSTM. SCNs.

PC-BP. PINN #4747 X bL SE 56, sie 25 S an i 4-
5 3% 3 s

Estimated Output Comparison of Four Algorithms

10.0 |
7.5t
5000
2.5 1
0.0 FI,

-25}

-5.0t

-7.5} , , ,

0 50 100 150 200

Time Step

- <-PINN Estimated y
PC-BP Estimated

Amplitude

— Truey
- - LSTM Estimated §
- 4-SCNs Estimated

El4 RAOMEXGTERyY

M 4 7] LUE HLLSTM H33: B REWS {R1IF 2 $i
ZIME 7 A O vE R Y, B BT R S S R A &



8 = % 5

RAEYINZREeE b B, 2 A RE 02 GURITR BE, X i
VI R 80308 3 L ) 30 2 e AT B 0, 8 0 R S A
EN AR RN EAEAT AT, BE IR b t4; SCNs 5
A THE S B AR S A — 5, EG
R B A 2 5 PC-BP S Al T 7 1] 5 1 S
o B 2, H TR R Y A R AT e VA
b, X 2 G2 B A AR A BORS HE S S RE DR Rl
PINN X 2 Gt B AR Al T4 R BAT B R KRS JEE, LA
THE S HSE S RS

Estimated Error Comparison of Four Algorithms

10

[}
<
2
a
g
< “
et :
S}
t H
= i
-10 — . .
0 50 100 150 200
Time Step

=-LSTM Error- - PC-BP Error
+-SCNs Error --Zero Error
~-PINN Error

Es5 M#HEEREITHRES R

5ONPURD B R 2 0t LL I, A AT LA
H PINN [ 3R 45 ik 2 T Fa, T R E%; LSTM
B REA R 2 RGURRAE, (B A5 T Fa v Mg S b £
SCNs 1915 7 M R ZL 5, HANEKE A IR 15 PC-
BP (¥4t 115 22 B I W i % AE, (BN e B R T
PINN, 7EAl TG B BRY RAS R . 1Z%45 LR W] PINN 1)
A R

3 REEGTy (k) BIREXLE
Hik RMSE MAE R?
PINN 0.0442 0.5079 0.999
LSTM 37138 29256 -0.071
SCNs 0.9589 0.7734 0.929
PC-BP 0.8931 0.7410 0.938

R 3 IE =IO R ZE SR AR R ARG, 23
7 VO B M BE 25 5 PINN [4i SR iL, 5
FLSAE MR R FE AR S HoAR e % 98, SCNs & PC-
BP W R IAHT, =% B & — @ KEsae 7, EA R
FEAEARAGZS ).

Rt 3D UL B AR SO T VA N AR S N I
e, BEE T 4354 100, 2004 500 1000 [ 4 L)l
AR B R, MO &8 2 o 500 FEAR, &Il
BHEREA T R RPN R AIE =M MSE 5 MAE 10
x4 FiR

~ K5 N
* R FxH
F=4  TEHIEFEET PINN B3R MEETM

YIS E e = MSE MAE
100 0.0038 0.0611
200 0.0030 0.0244
500 0.0028 0.0500
1000 0.0025 0.0613

B3 4 AT, I 28048 B N 100 AR5 &2
200 FEACKE, MSE 5 MAE H B — & F2 & 1 BT+, B
NSRBI S 3G, AR B2 B 2 oG, T 24 H0oE
Hik ) 500 B4 J5, MSE 5 MAE 28 (k18 i & 35
/N, B PINN 7E/MEAY) 5t O R &F U R
77, R E B & 00 2 ) RGUAE LR Bh SRR RE
77.

5 & #

ASCHEH T —Fh FFRLS 5 PINN fl & %8 e 2
BT 2. R 2 MR A 1) R A1 2 $CR FH FFRLS B
PRHAT A, @ SNBSS 5
THIE R A (72 35 1) A JE I PINN G AR 2 B2 45 oK
FVHE R AT A T, AT AR T A A R B A T
RS BT LB, g5 R T T kAR 8
A R o AR LR R G AR B

S E WK (References)

[1]  rEvEds. T A AR HE I B 3& . EKF /85 FATL
e HHRTTVAD]. 75 % V223 oK%, 2019,
(Gao F T. Sensorless control of induction machines
based on an adaptive extended kalman filter with
likelihood
University of Technology, 2019.)

maximum criterion[D].  Xi’an: Xi’an

[2] Ding F. Least squares parameter estimation and multi-
innovation least squares methods for linear fitting
problems from noisy data[J]. Journal of Computational
and Applied Mathematics, 2023, 426: 115107.

[31 Ding Y, Guo C, Luo Y, et al. Research on PID self-
tuning control based on recursive least squares
parameter identification for the fast steering mirror-
based optoelectronic tracking system[J]. Sensors and
Actuators A: Physical, 2025, 386: 116323.

[4] Aslam M S. Maximum likelihood least squares
identification method for active noise control systems
with  autoregressive = moving
Automatica, 2016, 69: 1-11.

[51 Zhang T, Lu Z R, Liu J K, et al. Parameter identification
of nonlinear systems with time-delay from time-domain
data[J]. Nonlinear Dynamics, 2021, 104(4): 4045-4061.

[6] WRTHEE, WHFD, R b, BT KRLS IR 5 RFIEL
PERGHHRT]. 42515 3, 2021, 36(12): 3049-3055.
(Pan Y P, Xie L, Yang H Z. Identification of non-
uniformly sampled nonlinear systems based on
KRLS[J]. Control and Decision, 2021, 36(12): 3049-

3055.)

average  noise[J].



FxH

KEH F: ZAapiRb5HEsE L

=NIoN

AP 22 1 4

ARSI AR R IR AL T A 9

(7]

(8]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

TR | ER, THE, 55, 524 Tl R ARFE 2 A
T3 B B R R AR (3], 45 5 Tk 5K, 2023, 38(8): 2063-
2078.

(Qiao J F, Huang W M, Ding H X, et al. Research on
feature modeling method for complex industrial process
and its application[J]. Control and Decision, 2023, 38(8):
2063-2078.)

Narendra K S, Parthasarathy K. Identification and
control of dynamical systems using neural networks[J].
IEEE Transactions on Neural Networks, 1990, 1(1): 4-
27.

Yu W, Gonzalez J, Li X O. Fast training of deep LSTM
networks with guaranteed stability for nonlinear system
modeling[J]. Neurocomputing, 2021, 422: 85-94.

Qiao J F, Wang L Y. Nonlinear system modeling and
application based on restricted Boltzmann machine and
improved BP neural network[J]. Applied Intelligence,
2021, 51(1): 37-50.

BEAR T, Wh 5. AR T A A W LS B A IR R G R
PERERI]. )5 65, 2023, 38(4): 1008-1014.

(Liang X L, Yao J Y. Nonlinear control of mechatronic
servo system based on neural network[J]. Control and
Decision, 2023, 38(4): 1008-1014.)

Wang Y H, Xu Z Q, Fu Y, et al. A novel optimized
control strategy based on BP neural network for dynamic
heating of sorption energy storage system[J]. Journal of
Energy Storage, 2026, 141: 119180.

HKIEZE, SERAM, 7. —RARLRIE B BN 1) 30 5 R 4t
HIAE 8 PR R K S R[], B a4, 2017, 43(1):
101-113.

(Zhang Y J, Chai T Y, Yang J. Alternating identification
algorithm and its application for a class of nonlinear
discrete-time dynamic systems[J]. Acta Automatica
Sinica, 2017, 43(1): 101-113.)

Chai T Y, Zhang J W, Yang T. Demand forecasting of
the fused magnesia smelting process with system
identification and deep learning[J]. IEEE Transactions
on Industrial Informatics, 2021, 17(12): 8387-8396.
WM, 452, Tk 78, S BT Bl AL G B 45 Al 2k
T RG R AT IE[N). B H5 Tk ik, 2022, 37(10):
2559-2564.

(Tao J M, Niu H, Zhang Y J, et al. An intelligent
modeling method for nonlinear systems based on
random Configuration networks[J].
Decision, 2022, 37(10): 2559-2564.)
PG, NEAE. RSB TR LS A
&M RS R EH S ek, 2025, 40(10): 2950-
2958.

(Li J Z, Liu Z Q. Online robust adaptive system

Control and

identification of ships without persistency of
excitation[J]. Control and Decision, 2025, 40(10): 2950-
2958.)

Hao X Y, Wang S L, Fan Y C, et al. An improved
forgetting factor recursive least square and unscented
particle filtering algorithm for accurate lithium-ion

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[26]

15#&
TKZHE (1998-), 2, ilt:, FERF T TT M A HE &M RS

battery state of charge estimation[J]. Journal of Energy
Storage, 2023, 59: 106478.

Perrusquia A, Yu W. Identification and optimal control
of nonlinear systems using recurrent neural networks
and reinforcement learning: An  overview[J].
Neurocomputing, 2021, 438: 145-154.

SeRAG, BT, 0P, &L il W RN B A Tk
Rz AT 4 B B R EE[T). 8] 5 W 3K, 2023, 38(8):
2051-2062.

(Chai TY, Cheng S Y, Li P, et al. Intelligent system for
operational control of complex industrial process based
on end-edge-cloud collaboration[J]. Control and
Decision, 2023, 38(8): 2051-2062.)

Zhao S'Y, Cheng C M, Lin M M, et al. Physics-informed
deep sparse regression network for nonlinear dynamical
system identification[J]. Journal of Sound and Vibration,
2025, 595: 118796.

Song N N, Wang C D, Peng H J, et al. A study of
mechanism-data hybrid-driven method for multibody
system via physics-informed neural network[J]. Acta
Mechanica Sinica, 2025, 41(3): 524159.

EFE. FET YRGB AR M R G PR T
#[D]. B A B RE B TR, 2023.

(Wang J Y. System identification and predictive control
based on physics-informed neural networks[D]. Nanjing:
Nanjing University of Information Science and
Technology, 2023.)

T2, BRAS, SeRAM, & RSN B AMEIKS)
iy HE £ 1 PID % i & BT [J]. H 3 4k 5 3), 2020,
46(6): 1145-1153.

(Zhang Y J, Wei C, Chai T Y, et al. Un-modeled
Dynamics Increment Compensation Driven Nonlinear
PID Control and Its Application[J]. Acta Automatica
Sinica, 2020, 46(6): 1145-1153.)

A%, W<, RO ZE. — Rl OB SRS AR R B
IR Y) ) O D). B B A A AR, 2020, 46(11):
2359-2366.

(Niu H, Tao J M, Zhang Y J. A new nonlinear adaptive
switching control method based on data driven[J]. Acta
Automatica Sinica, 2020, 46(11): 2359-2366.)

Chai TY, Zhang Y J, Wang H, et al. Data-based virtual
unmodeled dynamics driven multivariable nonlinear
adaptive switching control[J]. IEEE Transactions on
Neural Networks, 2011, 22(12): 2154-2172.

Sheela K G, Deepa S N. Review on methods to fix
number of hidden neurons in neural networks[J].
Mathematical Problems in Engineering, 2013, 2013: 1-
11.

PPN

18]71

B e 3R 5 1%, E-mail: z35758170@163.com;

A% (1979-), &, BI#UR, FEBTFUIT A ARt R 4t

REET AT, RSN S HAlvh, BRBE 2 21 5%, E-mail:
13942393197@163.com.



