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Model predictive control with input feedback and its controllability
for unsymmetrical systems

FENG Aixiang, WEI Minghui, LUO Xionglin
(Research Institute of Automation, China University of Petroleum, Beijing 102249, China)

Abstract; Model predictive control for nonlinear unsymmetrical system which exhibits gains and/or
dynamics depending on the input or output direction has been studied. Theoretical results for these systems
especially for its control aspects are very limited compared with their common occurrence in industry. Due
to the differences between the positive/negative model predictive control structure for asymmetric system
and the traditional predictive control structure, there may be model mismatch which would lead to bad
control effect. In order to handle this problem, input feedback control algorithm is used to revise the
positive/negative model predictive controller. The actual control action that applied to the object is joined
into the calculation of the next step control law of the positive/negative controllers through the feedback
form in order to eliminate the effect. Then the controllability of the positive/negative model predictive
control system is analyzed in the unconstrained condition. Ultimately the control performance between the
revised positive/negative model predictive control and the traditional positive/negative model predictive

control was compared through the simulation of pH control.

Key words: nonlinear unsymmetrical systems; predictive control; input feedback; analysis of controllability; pH

control

2012—06—26 YL E| %I F5 . 2012—10—10 Y& e fs . Received date: 2012—06—26.

BRREAN: DR, £—1EH. BEH (1974, &, I, Corresponding author: Prof. LUO Xionglin, luoxl@ cup. edu. cn
L R e Foundation item: supported by the National Natural Science

HSeHH: BRARB2EE4TH (21006127, 20976193). Foundation of China (21006127, 20976193).



2 S2 R4 SRR 2R G0 b A R b T 8 i) B AT 4 A 4 o« 107
. FHE IR R SISO R4, HIERSEY . (LR
e 5 A SR PR v L B O B 3 (LR 4k

AR R AR — AR AR Ml R, X
KRG R/ MR RE T A B B s AMERTE . 2R3
58 A AN AR [R) 19 0 P A R AR AR, AP R o
R RN X PR S AR XA T —
I 2% B0 JRE T ) B — R P A R B3 1 4% ol i P RE A
Mo Pl b BRAR MEAT B PR IE

IR Bk A X B 2 S8 09 BRI BIF 50 0F i LL
18 . DA A9 8 AN 0 Bk ik R 4 SCHR R #R 4 rp 7 %
e A TR (S NP O S U N R | T
Wang S B0 A X Fk 8l A 2o A2 R AE 57 16) 9 2k
PEBE T 53 551 B3 PID $a 8l a4 b 8 — Fa¢ il o ¢ il
HORA W] % . B PID #2674 J0 vk 1R R ok
AR P JE A B PID S 805 R S 50
VT FiC Fo ) J5E . AT B 3 4 o 28R R
LR B 2R W 2 7 R BT R AR . O AN R
AR — E A

Z & DU 1 R VA S B W (U
PERETY L I JE T R R SR FTOIR 245 B ot B 47 o] 5
LR 172 D AR TR o S I AL B 2
PEATEERIOEIE . o T BF X R X PR &R 48 B Y IE %
0 I 4% 4 7 1 A5 A 8 T 5 AR 5 K A Y
ANTA] o A — 20 v A i X IR S A ol A R AT
e IXRETEUEAT £ A T R 4 I R4 AR oK
AP A Horp 2 — s0E P R T 204 Bt
PEXT G, AR — A P A SR A R, IR R
TOUIN 7 7] g 2 i R A SR AT B9 o 58 A n 25
PR RRMEATIZ R . X RE ] BE 2 T BB B K
e i RS T RO AN R AR SCHBL R i A 15t 7 i
oA TE R L A T S R T A o B k. IR E TR A
FAYZEAE T 23T T IE SR R 0 4% 1 O ik 9 £
Pe. i THISR RS AT AR K. fnadiad
pH (BP0 B S B, R Bk 1 S A5 0 £ )
YR IECTIEYE SN

1% HLIE ROE A FOM 45 ) 2 47

o A T LR R 2 IR I ) X AR AR
G982

Turner

{I(/‘?‘Fl):f(f(k) yu(k))
y(k)=g(x(k) s ulk))

(D

ASCEEHEAR KRS, FFUEXLRSGE (1) K
SISO &%, Bl y(b)ER', u(k)ER', T4

S 2|7 N0 7 = O o S e s B 1 B O
PEFIERK
x(k+1)=A’x (k) +Bu(k)

(2)
y(k)=Cx (k)
& NG R
Au(k)=u(k) —ulk—1) (3)
LAY TE S 5 1) B ER 58 PRAL o #e 20 (4) 38 L
+ ., Au(k) =0
o= 4
—, Au(k)<<0

BORE L AT DIAR G 2 (2) AR A s 1A A R ) T A
TG 59 BE TR IO A AR 28 5 5t T 00 47 o 4%

R LA BN P 9 T35 r BB IE L e
TRV AH I A F000 4 ) A o i T AR OIR A s ] A
B, SR FRPIR 3 Bt 000 42 ) S L A5

WE 1 PR,
"
u(k=1)
Au(k) 0 unsymmetrical ]

h ll(k) process

V<

selector

x(k)

L MLIE BRI 00 2 o % g

Fig. 1 Two kinds of positive/negative

model predictive control structures
S e O R S8 o TR E 2 I P R s o
Iz A AR KON TR] . 2 0 T80 42 i 1) 3 B oK A
W, FE R — B R SR AR b, D7 s AR AR R
(1 T ) 2% B — 2P i w(e— 1), — B BRIA
T A — 5 v 0 4% ) R o 4 e i A B T 42
BV ) g SR AT B0 RIVE T w(h) 5 S BRI i 2 Bl
X T VR w, () AHAE, SXREAS 23 5 B T
P S T R B A AR E . (RAE DA IE RO )
i 8 8 A SR A TP, T R T 4 o 8 7 SR 4 AR
ARAMZEA S LB v k=D 6=+, —),
MirESE bRt f b, BRI LRI OL, GF R 1) T 45 il
wORS A Aw (k) R HPZ B F#HaiH
PGS A T, XFEaE BT T ek
M s HEH w (k=D =+, —) HFA—xEH
SR TN 25 B AR R AR RIAE ] w, (ke — 1) AHEE,



. 108 kT

¥ % 63 %

JF 245 A 5 1 1 P 5 4 43 95 3 23
PR 2 ) T REE MBI . S BOR R
Feih R
2 B O\ BB 4 A OB ROAE AL S
& o7 &
AR SCR IV A 81 7 20 T A T £ )
BEHATIEIE . LRI 2 R

x(k)

unsymmetrical
process

T
V=

selector

x(k)

u (k1)

B2 HA A B 4ES SR 09 I SRR 20 T 4 1 45 i
Fig. 2 Positive/negative model predictive
control with input feedback structures

18 3 S B e o 2 0 G B P AE T w, (R — 1)
PANFN T — 2 0E SR A T 4 ] VR B 1 A K
fiprh . RSB w (k=1 (=4, —),
BCPERTSE (D) RISt (2) ) & %0 L
E2W)

x(k+1D)=A2 (L) + B [u, (k—1)+Au (k)]
y(k)=Cx (k)

BTN Iy Py P i O ML SR R
s, MM =1, 4 =M, Aulkt
)=0,

WX (5) R GRS /Y T 2 78 Ay R R A 0] 4
E

o

xCe411 k) A0
AB+ B
(k42| B A%
. = |7 =+ : X
: : ot
(k+P |k o DAY
Ly (R — 1) + Aw (k)] (6)

A RLHE P S SRAE IS %) P T {E
Y7 (k) =S (k)4 S [u, (h— 1)+ Aw (k) ] =

Y? (k) + S Aw (k) 7
Hrp
Yo (B =S (k) +Su, (k—1)+EK) .
v (k+1) C7A
V' (k+2) CA°?
Yo (k) = . ’ . . ’
V' (k+ P) C°A°"

B’
C(A’B° + B)

P
CJ ZAmfl B
i=1

ECk) A 47 i 20 W 5 SE brfi i (E 2 2%
A STk ] R S A RE TR AR — B N

Ve =Y () =Y, (B |5+ | aw (B |3 ®
Horp
v (h+1)
C(k+2)
Y=
v, (k+P)

B BOEM . Q. R 43 5 Sy H TN A 22 04
VR3S = W ImA R %K.
Wi fe = (8) A7 Ab Bf
VaR) =Y (b)) =Y, (D |5+ aw (B2 =
const+Aw ()" H” Aw () +2F " Aw (k) (9)
Hi, H=S"QS +R . F=S"QY (&), Y (k)=
Y7 (k) =Y (k) const i 8, XGRS A %
Wi, i AVE RE SR B eR BT i
J7 ) = Aw ()T H? Aw (k) +2F7 T Au (k) (10)
EXWiOE TN THESE S S LA

Unin U Unax » Vmin <V Vinax an
DU BB 48 A B9 L R AR AT 2RO
D, Aw (B)<d5 . D Aw (B)<d; (12)

Hrp

1 S?
oo o[

Unax — 1ty (B—1) Yo — Y7 (R)
%:[ ]@: (13)
wy e—1) =ty Y7 () =Y,

T TN 7 ) A9 4 SR Ak T LA R O
P LR ] A

min J° (&) = = Awe (B T2 H? A (&) +2F° " Awe ()

Ad® () 2

D, &
s t. |: ]Au”(k)g[ i| (14)
D; d;

SRR AP TR AT P R A5 1 S 42 il i 119 2 1 . e ()
(o= 1. —). T — i ZIF iR g i+ 5 10k 1A) At
S AT

SRAFIE S T5 i Pl A e, MR 3 R A5 il 7 19 I
T4 BRSO (11 J7 3 % 15 B T 1) 42 il 4 ) 22k
PP, RCREAE B — A5 1E 7 1) 45 il 85 SR I ol
il R — B SRR AR PR w, (A—1)



5 S2 1)

T RE A NN R 2R G0 A A R A S 4% o] b T 4% A A « 109 -

BACJE MPC Bd i w(k— D (e=+. —). H¥
Hol i BRI A B R — 2 s AR g b,
K 2 fion. fide 71 e BT s Al AR 5 2k IE IR) A

3 IE RO AT 4% | By T 45 0 AT

T AR TR AR 8 B At T 42 i 7R 45 P 26 & e ] LA
FoaR iR
2 k1) =A%y (B) + Blu ()
y(k)=Cly (k)
A=A —BS ' (P)W*

1 (16)
B.=BS ' (P)

r
Hr, We = CA",S(P) = > CA B,
i=1

B 5), LA6) Bz K=C.(I—A.) B
o=+, =), & K" >K . WIERBERDRE %R
T4 i FR G N R AR

B 1 BB E SR R T A R S OE I 1)
IR R G SRR E 1, B | eig(AD) | <1, (o=
+. =) WAL AEL

Co (I—Ac) "By <CL(I—AH 'B an
»
CoBd+Co (I—A: ) M (Ag B — B )<<0 (18
DO PAL A R 4 2 TR
JPUEWIEER 1. 45 AR AR .

T

MR # | eig(A) | <1, WA lim > A" —
S

T k=0

(I—A)", HDOA =U—-A"— DA,

k=0 k=T+1
MR 2 fAE >0, fHif5
In| > A<
k=T+1

IERR: AR M, R & F ¢ (0) =0,
y(0)=0,
i A7 WE, BEERATI ulk), ke
{0, 1, 2, ==, M}, fii
u(M) —u(0)=0
y(M) —y(0)>0
FTIEM (19, B Au(D)=—1, Au(T+
D=1, Au(k)=0, k€ {2, 3, =+, T, TH+2, -,
Ji, A

a»

T
V() =— >1CAc " Be 20)

AR 1, L 20) ATRIRRN

y(IH=K +S, 2D

o

Ho, S = Co (D) A ) Be.

i=T+1
It LA
WT+D=y(D+S,+K —S, (22)
Hrp
S, == Ce( 25 A ) Be
j=J+1
J
S3 _ Cé ( ZAJ' i—1 )A; T—1 B(‘.
j=1
A 15

y(D=K'"—K +S (1)—S,(J)+S;(T.]) (23)
B K" >K , R e ffi 0<<e<<K' —
Ko 38T, JHEHER?2

T: | S (D | <%e,1= 1S, (D) | <%e

W | S, (To J) | < e R, W

T. ] HEWHRE.
Hit yv(M)>K"—K +e>0, H u(M)=0,
iz X (18) W &, W AEAEH AT F] w k),
kE0, 1, 2, =+, N}, ffi
u(N)—u(0)=0
y(N)—y(0)>0
J TR 24y, B8 KM e, |
W Aau(D) =1, Au(2)=—1, Au(k)=0, kE {3,
4, -, N}, WA

24

N
VN = CeBE + D)(CeACT Bl — CoAT Bl (25)
i=3

HiER 1, Alf5
Yy(N)=Ce B +Co (I—A:) " (AcBE —Bg ) +S,(26)

Hep

Si=Ce( D) A )(ABe —Bo)

i=N+1

FREL. y(ND<<0. [NIEHI3R RGeS AT 5. fil
B 3T R /0N P (R AT AN RO i 261 B
AH.

IEEE

Hy AL TR B AT UK X FR 2R G2 Y IE B R
s i 7 3 A B o A AT 2 e A

4 B LB R AT

PR T P R pHL (458 ) LA i AR 4 R A s
S5 BT P S AN R R o AR R R R 5 R VR AE
Bl 3 Frs g S HE RO A (CSTR) wh kA7 v



e 110 kT

¥R

5 63 &

P(@)

B3 g At R ) CSTR N g
Fig. 3 CSTR of pH neutralization

U
R A5 T B g o il HLIR 43 BT 4 57 CSTR
r IR R g AR ) R AR A
dy ()

JV L — (D) (b= y(1) — F(0) (at y(D)

 y(0+ /(DT FIK,
}pH(t)flg °K.

27

Kb w() NEEBRA A, L min ' FQ)
HRVE WAL, Lo min ' VR EF AT,
L; y(o) 3 [OH ] # [HY] Z2, mol « L7';
a NIRIYWE, mol « L5 b KBk &, mol -
L™ K, =10"" /K F- i %, e Sk [16-17]
rh SR T 22 A5 R0 T 0 A RN 3 R S A R i ok
pH e B I 3 T AR b B — £ AR A T
P AR (REBA W S AR L B AN
X AR
SR HISCHR (120 A il 5 ok g 7 1F 7 I I 4%
PR S 2 [ 4557
{y(k+1):A“y(/e)+B”u(k>
pH(E+1)=Cy &+ 1)
o KRR YL SE bR BT
+., Au(k)=0

o= { 29
T Au(k)<0

(28)

Hop

T, T. .
A =1=ruw = Fo+w

B =Tyt

. 1

T L
Fof, T RAEM L. w. . F T ERA
B 0 it AR 7 i R B
O, [ NI B R B BRI 3 b il 2 26
S P45 0 S 11 9 5 B 0K £ 1 SR 19 1 0
PR, XAEE R (28) B (27 FRK
TSRS 2 B BB E R LL IR A B

pH E i A8 5. 75 pH=9 MRS A0 F X A
1R 0 7 1 3 0 400 B B BRAE AL, 43
A A B AR LR | BT — i 2% B R T 3 (L 2 b
AR IR TE B 75 1) S M AR 8 A 1y p L {FL Y B R )
PGNP 4 s, B 4 FTUL, R G R R B
. SR (28) A9 IE SR FE A by i (0L R IE R
RS,

10.0
95}
9.0
8.5
8.0
75
7.0
6.5
6.0
5.5

5.0F
| | | | | |

1
0 10 20 30 40 50 60 70 80
time/s

-

S

——unsymmetrical system
----liner model
—-—positive/negative model

pH

4 BT I AN 4 Vo B 1 B BR i ) 2R
Fig. 4 Step response curve for alkali

flow increase/decrease 4 %

L pH BN 9 HEEE,. MK (28) Mk
J7 ] AR RS, B PR A RS T 4R A . B
TR P SRy 10 W, PR R G IE IS 0 ) R GE AR
M AS . A48k 0,75, 0.86, ik i Ra M & 1
| eig(A) | <1, HuWMEE 1 MESITRSE, 7]
HH L R 1 e . A BER B R A
i N R 5 R 1 L SR 0 42 1) 3 X AN B R
GEVBEEMMN 9. 27 25k 9 IFFEATH I ELAFIE

B0 BLE5 R 5 W LA, XTI IE R AR
ST TN A5 . AR AR G Y 0 4 ) 7
PG e i1 o0y M 1 L ol e N T o R (!
w (k—1) Joika ¥l S5 b it fin 25 B #6042, M 78 B
— R A SR AR R, D s A R R 2 A o
BEHBME L o« (1), X ek T 8RR
K, FEEHSORAME, BE S5 PLLaTLUE N
B A i DT AR A A R 2 .

SR CE S A I i A R I ) . K S B
Jiti 0 255 B 4% X G I SRR AR w, (e — 1) A A H
TP R A, SXRETE R TR T R A
R FC ) AL, 5 v g 2Ry BU S SR T A HE 4 il
BRI H A2 .

LA b pH R 6 AR K o R B IE
S LA T N Tt 45 R T I S R 0 4% ) B 1k B R



5 S2 1)

T RE A NN R 2R G0 A A R A S 4% o] b T 4% A A « 111 -

9.30

---positive/ negative model predictive control
9.25 F\—revised model predictive control

920}
9.15}
9.10F

E9.05F
9.00
8.95|
8.90
8.85|
8.80 L L L L

time/s

K5 pHBEEMM 9. 27 280 9 i iy i 280 R it 4%
Fig. 5 Control effect curve with

pH setpoint from 9. 27 to 9

16 TE 1A I o A 7R N 45 1] 5 vk RE AR B S 4 10 45 il
L

5 # i

B T AR FR R GER IE ST ] IR AERE L, 331
VTR S U i A o Ol e A BB O Ok i
P TP A5 R AN 2 i R R A LR P R] AL, pHL
P (0 0 LG R U 1 i SRk A Rk

ARSCEE RS AN R FR 28 58 1E AR R T 42 i 77 32 4 m]
PEVESEAT TR B R AT UE T, TR B S R v A RE A%
PEARR R R BRI, X AR A R AT IR E
AR AT AT PR A 5 JE I o A A

References

[1] Gardner ] W, Bartlett, Pratt P N. Modelling of gas-sensitive
conducting polymer devices [J]. IEEE Proceedings-Circuits,
Devices and Systems, 1995, 142 (5). 321-333

[2] Rosenqvist F, Tan A H, Godfrey K R. Direction-dependent
system modeling approaches exemplified through an electronic
nose system [ J].IEEE Transactions on Control Systems
Technology, 2006, 14 (3): 526 -531

[3] Ping Yang (3F ¥ ), Luo Xionglin (% Jf %) . human-
simulated intelligent multi-model control of electric heater
[J]. Control and Instruments in Chemical Industry (ftT.H
Bk XA . 2010, 37 (8): 30-33

[4] Wang Q G, Hang C C. Zou W. Automatic tuning of non-

linear PID controllers for unsymmetrical processes [ J].

[5]

[6]

[7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Computers and Chemical Engineering ., 1998, 22 (4). 687-
694

He Renchu (fif{=#]), Luo Xionglin (% ), Tong Shiwen
(& 30) . et al. Developments and applications of simulation
platform for ethylene rectifier [ J]. Computers and Applied
Chemistry (GFEEHLS R FALE) . 2005, 22 (10): 909-914
Tan A H. Identification of direction-dependent processes using
maximum length ternary signals [ ] ].IEE Proceedings-
Control Theory and Applications, 2003, 150 (2). 170-178
Godfrey K R, Briggs P. Identification of processes with direction-
dependent dynamic responses [ J]. IEE Proceedings-Control
Theory and Applications, 1972, 119 (12). 1733-1739
Hagglund T, Tengval A. An automatic tuning procedure for
unsymmetrical processes//IEE Proceedings

Control Conference [C]J.1998; 2450-2455

of European
Tan A H. Direction-dependent systems—a survey [ J]. Auto-
matica, 2009, 45. 2729-2743

Rosenqvist F, Karlstrom A. Controllability of direction-
dependent processes//Proceedings of the IEE Conference on
Decision and Control [C]. 2003: 3384-3389

Wei Minghui (5 B #) , Luo Xionglin (% i )., Feng
Aixiang (3% %% #£) . Predictive controller for unsymmetrical
systems based on control performance comparison [J].
CIESC Journal (fLT2%4R), 2012, 63 (10): 3183-3189
Turner P, Montague G, Morris J. Nonlinear and direction-
dependent dynamic process modelling using neural networks
[J].IEE Proceedings-Control Theory and Applications .,
1996, 143 (1). 44-48

Xu Feng (%), Luo Xionglin (% H ) . Multi-model
predictive control of nonlinear system based on self-tuning
model [ J]. Journal of China University of Petroleum :
Natural Science Edition (H[E 73l K 22254 B R B2
), 2006, 30 (2): 133-137

Yuan Pu (FE). Zuo Xin (Z£1F). Zheng Haitao (SR
%) . State feedback predictive control [J]. Acta Automatic
Sinica (AR, 1993, 19 (5): 569-577

Yuan Pu (% B%) . Predictive control of single prediction []].
Journal of the University of Petroleum (7l K24 .
1992, 16 (5): 100-109

Zhang Zhihuan (3¢ % #t), Wang Shuqing ( £ # &) .
Predictive control of pH nonlinear process based on multiple
model [J]. Journal of Zhejiang University CHff 11 K 2 %%
). 2002, 36 (1): 29-31

Yang Jianfeng (#81%). Zhao Jun (), Qian Jixin (%%
FLH) . et al. Adaptive nonlinear model predictive control for a
class of multivariable chemical processes [ J ] . Jowrnal of
Chemical Industry and Engineering (China) (4t T.2¢#4R) .
2008, 59 (4). 934-940



