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Dynamic partial least squares modeling
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Abstract: A dynamic modeling algorithm is proposed for a strongly nonlinear chemical process, it is based on partial
least squares (PLS) and recurrent neural networks with a stable learning rate. The outer PLS algorithm reduces the dimen-
sionality of data and extracts score vector, and the inner model which combines recurrent neural networks with Hammerstein
model captures the nonlinear characters to extend the model application scope. Besides, the stable learning algorithm up-
dates the model parameters to improve the prediction precision and adaptation ability. This method is implemented in the
process of alumina production to measure the component concentrations of sodium aluminate solution. Simulation results

show that the modeling method is effective.
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1 5|% (Introduction)

it 5 /N - R(PLS)WE by — Fh e 1k 2R G I 5 v,
OV 32 0 i R M s A e ) T R B
PELE T B SR HOCEE it e A5 8. VF 2 SE b Sidis
AR AR PR, T L REAE T AR M O R I
BRI T — R AV AE L HPLS 7 ik, 1250
P IAEL A T 25, T = UK BR (QPLS) « ¥ 4% ek 3 (SPL-
PLS). f £ [ 28 (NNPLS)!!, A5 B #fk FH(FPLS)[214%
AN R PLA T ¥, 0 % R BU(KPLS)L, /s 3 b £k
(Wavelet-PLS)M %5, 75 2 3 ASPLSEE AR J7 1, 3L
MR [STHR e H — P T 3 & i e/ —- e (DFPLS) ¥ %
xR 2 1 B A AR 5 v, T8 I 6 PLSHRE B (1) R AE
] B EAT ARX AR OR S Bh 2, PR 30 ) FH ABEA) 2R 2K
FZATSKE MR IMBER N 7 P& R AR

WehR H #A: 2010—10—08; W& ik H #: 2011—04—27.
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Ak Tk #2771, S. Lakshminarayanan® ££ SCH#R [6]
T8 PLS 5 Hammersteinfi B AT 45 5 1) A 2 Mk
BN Ty, Ho Hammerstein5 78 iy — /MR
W5 R AN R G R, 2t T R IR XS
F BRI, ARG MR 2 R IEZe MR, J2 1k
iR R IR 2 — . SR, SCHR [6]H 22 T
A fiiAHammerstein 44 (1 JE S5, HpeAREK —
FREB AR Lotk B2, 0T HAT SR ek AR L
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0 B Tl AR 2 P ok R ) R R, 5 R 4k T
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P TR 22 55 4 W BT H (60821063); i 25 24 A5 22 BB 5 14 11X % Bh 30 H (B08015); Hh [H 8+ J5 [ 4R A} 2% 3k 45 ¥ h il H
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PREZE W 2% 55 Hammersteinfbt 0 AH 25 &, S5 HLAT 18 F 1,
Retg )l G AR M e i Tk R, 3E Ve 2.
BEAN, B TR F I 5 25 2D R IR B T BRVE I R4
PR B 22, AH LA i AR 22 37 38056 BLAT S AR (M e S,
A DURAIE 52 25 f e e PED-81. DRIk, A SR 3 H — A
WA RO F S ERR L. BN H T AR
AP I R PR R AN TR A A3 UK A LS G, Rk

WA TR R, 2 A RE D0, 1T 5 iz )
T R e
2 A RRE % X M 83 APLSE BL(Dynamic
PLS modeling with stable learning rate)
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Fig. 1 Dynamic PLS modeling with Hammerstein recurrent neural networks

2.1 Hammersteini# )3 25 W 4% (Hammerstein re-
current neural networks(HRNN))

Hammersteint%: 1 25 ¥4 4 B 1 5B T, 20 1 i
DAL ER B AL 2. S AR L MR AL m
T AN R 20 A 0 e o N 7 T S 1R 2 A 1,
R DR 2 )l It — A2 P Bl 28 i S 21 4t % 1)
R RN

Ak +1) = Az(k) + BN(t(K), (1)

u(k) = Cz(k), (2)
Hrp: t = [t], u = [up] "R = 1,2, ,m)
AN PR () B N R R, RBUEFEA €
R*J B e R/*/ CeR™, N ecR’.

T VA 28 Y 25 2 ST B TR 45 M R, 2 — b
AR R B S RGN A T, A RSk
TRRE PR SCSSORG B v R L DRI, S A IR e
W 2% 5 Hammersteint%: 24 (1415 £, #4) S HRNNASE 7Y,
W4 2% 285 1) G I 2 B 7.

BB R LR — N B A WA RE 2
[P 28 9 2, BB 14N B 2 H oK i idHammerstein i
T AR AR LR PR 43, SR 2B B IR B AR 2
g5 LLEBERAS 3SR A 491, A S, (k) AR S AR
2y, (k) IR T SO FORAS, PR R

J
up(k) = cpan(k) = Zlchjzhj(k)a 3)
j:
znj(k) = ;(ahjﬂhi(k—l)) + bpjinni(k—1), (4)
e9ni(k) _ g—gn;(k)
nhj(k> = f(ghj(k)) = eghj(k) i e_ghj(k)7 (5)
gnj (k) = wpjtn(k) + dp;, (6)

o wp 2N 2 B8 R B A 2 e 2 T Y
BUH, dpj 72 555 B85 2 RURTBHE, angi, bhjj, cng
ZXD)-QF M RBHFA, B, CiTE, Hhh
BORBRANEARL, o, Bos B MG C R BUERE.
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Fig. 2 The topology of HRNN model
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2.2 F3%E %% 3] (Stable learning)
HR AR 5 RS PSS 2R () i o 2 =, AR 2 H 4
H I 28 A ] Rl
§(k) = We(k){Wa(k)Z(k —1) +
Wa(k)p[W (k)X (k) + Wp(k)]}, (7
Z(k—1)=Wa(k—1)Z(k—2)+ Wi (k—1) x
AW (5= 1) X (k= 1)+ W (k—1)]},
3
H: X (k) = tp(k), y(k) = uh(k)%%w%ﬁﬁiﬁﬁ
N & W= [w;] € R RIRFIANBRE
BUEFFE, W = [d;j] € R RIRE1IMN R
HFERE, Wg = [bj;] € R?>YFIRFE2NREZAUA
FEBE, W = [ai;] € RVVFRRE2NMREE T —M
AR, Wo = [¢;] € RPIR R K 2 AUE ) .
W 28 ) B N2 1T RN BN 1, TR R P48 I 245 11
TR AN, o RN T R I R AL
F2 H5 Stone-Weierstrass i #1117 78 H AR (9 BUAH
FE AT

g(k) = We(k){Wx(k)Z(k —1) +
Wi (k)W (k)X (k) + Wp(k)]} — u(k),
©)
o W, Wi, Wi, WERIW 23 i) A AR5 7 B
ZINER T A 28 X 5% B 2 R A o 2 AULE HE B, BN
WA KIR A
e(k) =
We(k){Wa(k)Z(k—1)+Wg(k)p[W (k)X (k)+
Wi (k)]} = WE(k{WR (k) Z(k —1) +
We (k)W (k)X (k) + Wp(k)]} + (k). (10)

):Iﬂ

Taylorﬁiﬁ}%?'
e(k)= ; ]<Wcj<k>fWéj<k>>+-~+
i % (W (k) =Wp,; (k)] +p(k) +e(k),

L OWp;

(1n)
Forfre (k) S Taylor s 28 (0 5 50, 68 2% P 4 Bk
2 AT LR R A A

e(k) = We(k)Z(k) + EYWa(K)A(K)E +
ETWB(k:) (K)E + W (k)W (k) +
W (k)D(k) + 6(k), (12)
Horh: We (k) = Wo(k)—WER T JHFE, $1x JA

TCE Neny —ci s Wa(k) = Wa(k) = Wik T x JHi
[, 25 J x J/I\fli%‘%yﬂahjj—a;‘u]; WB(k) = Wg(k)
—WEAT x JHFE, 28T x JANICE Nbpyg — b7 ;1
W(k) = W(k) — W*k1 x JHFE, %1 x JPMIGHE
Hwpg—wk s Wp (k) = W (k) — Wi A1 x JHIFE,
1 x JNTCE Ny — df s Z(k) AT x VHBE, 5
J X INTCE N2y ERAIRE, A(k) R J x JHLRE,
HIxINTUEN
cny (k) [ens (k) +anyy(k—=1)zps (k= 2)];

B(k)AJ x J=SbE, X ish

chy (k) [nng (k) + angs(k — Dnps(k —2)];
W (k)R x FERE, 280 x 1PN ICHRA

4
chy(B)[th(k)bpys(k) x (e9ns (k) 4 ¢=gns (k)2 +

ahJJ(k — l)th(k) — 2)thJ(k — 2) X
4
(egns(k=2) 4 e—th(k—Q))Q]’

D(k)NJ x 1HEE, 557 x IMICRN

4
chg (k) [bryr(k) x (e (k) 4 e=9ns ()2

ahJJ(k - 1)thJ(k — 2) X
4
(eth(k—Q) + e—th(k—Q))Q]’
3(k) = e(k) + p(k). We (k). Wa (k). Wa (k). W (k),
Wp (k)73 3 R - BUB AL TR 72, 6 (k)2 7" Taylorgl
By v B IS R AR A R AR R 22 A% T
B, SRS I S ECE B A b

Chj(k—i-l)zchj(k) —|—77hkeh(k)zhj(k), (13)

anji(k+1)=an;i(k) + naren(k)en; (k) x
Ozp:(k—1
el + g~ 1) )
(14)
brjj (k+1) =bpjj (k) + nuren (k) cnj (k) [nn (k) +
) 9znj(k — 1)
a;m(k‘ -1) Dbns; s (15)
whj(k+1) =wn; (k) + nreen(k)cnj(k) x
4
[th (F)bngj () (0930 oo P2
Ozni(k —1
angi ( — 1)%J, (16)
dhj(k + 1) = dhj(k) + nhkeh(k)chj(k:) X
4
(b5 (k) x (9 () 1 e=on; ()2 +
Ozni(k —1
anjj(k — 1)7%( >], (17

dd,;
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2hj(k+1)=>" anjizni(k)+bpjnn;(tn(k)), (18)
i=1
Tt ifh. g 105 - =1
Dz (k — 1) =
A — ik —2), o 100+ 8
8ahﬂ “h ( )
az ; k —1 . 1 1
Oznj(k —1) = np;(k —2), 05 100 105 110
Oonj; st
dzpi(k — 1 Car
72}”( ) = th(k‘ — 2)bh(k — 2) X % = =N N Y %
Owpj 79 4 AR LI 5 T A O R 3L
4 Fig. 4 The correlation coefficient of cp
(e9ni(k=2) 4 o=0n;(k=2))2’
36 T T T T
6Zhj (k) B 4
Dy, i) X e Dy U S i
-~ ﬁ Rt RN r=1 4
+ Dol
nh G EHE —
= < 17 © e :§:~;5:' -
Mhk 1Jrgzsk,0<77h SN _
oy, = | Z(R) 1> + IAR)[1” + |B(R)|* + M 2 30 32 3 36

W (B)II* + ([ D(k)|1*.
IR, PRI HFRRZE

_ ) 1 T 9 h <
J = hmsupf Yollen(B)||" <=0  (19)

T—oo 1 k=1 ™
A R S 2
98 30 = 5500

3 {5 ESEH (Simulation experiment)

AR R P I R AR IR T T A A IR (B
FhEi Ve, A A, TRIR B e LB 2RY X L) gt
S, K AR SCHR () g v L AT S s e, SRR
WRAEAFRR LT, To, Ts SR, do, d3, )
I RI350 0 FEAS B, 15041011,

K B — A8 XU vV SR R 2 RAE T
Hsse /NI, REAE 0] S 2CH A1, DRI 65— X 3
JCHE N FBHRNNA Y. [ 2 45 /436 $5[1 10 10 1],
KNl BB 0 - P, &5 SR a3 -5 7R, A
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Fig. 3 The correlation coefficient of ck
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Fig. 5 The correlation coefficient of c¢
VPRI PE e, A d KR ZE A M 5C &R
HORE R s BEEAT Gk, 2 aldn B
MAXE = max(]|g; - i), (20)

N

(n i Jiyi — i Yi i Yi)
r? = — 2=1n Z=1n i=1 _ .
(03532 — (35 302)(n 35 97 — (35 9)?)
=1 =1 =1 =1

2D

5 O @87 1 DFPLS PUHIPLS 5 Hammerstein 01 3

AT EREE, AN iR I P 25 R R 1 .

A1 TR 7 kR R
Table 1 Accuracy of different methods

T
PERETR R ]
DFPLS PLS+Hammerstein PLS+HRNN

. MAXEek 732 20.26 723
K2 0.22 038 0.70
_ MAXEcy 1431 10.88 8.48
A

r2 0.34 0.33 0.68
_ MAXEco 460 332 2.46
C 2 0.24 037 0.61

T WA SO BTV e KR ZE IR, 3977
FHR AR HEOR, IaRE L8y
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FEBR BV WAL 20 TR L KR PR 23 T, eV IR T K
TR PRI AR GUIF R N 5™ SR i 2% 1

7, WS T ARG s 101,
4 %58 (Conclusion)

AR SO R T R A o K HLAR R A
SR AL, SEH BRI AR et sh A AR A,
REPLS U5 12 NS A oS S B B, e e i 4 36
2k 1A 7L P P HERININVRSRE 7R 6 2 (10 43 36F o 7
B, U T RS ARZ MBI AR f&n, RH]
R 2 S SR RO AR L S B, IR T A A A
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