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Continuous-time nonlinear model predictive control with

input/output linearization
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(School of Control and Computer Engineering, North China Electric Power University, Beijing 102206, China)

Abstract: Obtaining a feasible optimal solution is the key issue in designing the constrained nonlinear predictive con-
trol. The input/output feedback linearization is a conventional method for this purpose. Because the original linear input
constraints are converted to nonlinear and state-dependent constraints in this method, it makes the quadratic programming
(QP) method inapplicable to obtain an optimal solution. To find the optimal solution for a state-space continuous-time
system, we present an iterative quadratic program (QP) method. To guarantee its convergence, another iterative approach
that can guarantee a feasible solution over the entire prediction horizon is incorporated. Simulation results of application to

a continuous stirred tank reactor (CSTR) demonstrate the effectiveness of the proposed method.
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constraint)
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Step 1 A% 3CE 52 B iy A\ £ SR R 9 41 4 Ak
(X (U(K)))-

Step2  TEARCTAVI(k)<c(X (U (k)))TF,

T —RIR AV (k).

Step3 (X (U'(k))).

Step4  MIKCTAVi(k) < (X (U (k)T &
AT, TR AT, EARE G ) 0 = 0+ 1, B
Step 2.
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Sk, W IT R AN T BRI
4.3 AR M4k (Linearization of constraints)
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AV = AV, + gs[Uo)(U — Uy), (33)
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B2 FEAA 1) 0T e XA A H FR BR 22 1) B/
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IgglJ(AV)—Iggl{iAV HAV 4+ C AV}, (35)
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M = g5'[Uo], (36)
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Ha ML
U< M*AV +m§ < U, (39)

A0 < o < RN RE 2 G fik:
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BB H SR AR 2 A, Ry SR R A ¥ 773k
E XUF = MAV* + mg ol 2 M #1741,
K@Y (AV*) — G, U, AVF] = o rAE
LR 4.
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SL, AR A REAE A v AT AR, 6200 53 36 T IR W 4 1
FORTHEATOCAG. WIAG (A D AR e AT DT ek 2k A
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AR kP ) P AN US55 T Uy, an R UGE 115 24, U
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4.4 H1ED B (The steps of algorithm)

FEORAE WSSOV 1) 325 ARV REAR (QP) SV AH 4
, BARSILA RO

Stepl i =0.

Step2 UWIRN —i <0, #3Step 8.

Step3  HALLHIY TAE A WATHEU < U, < U.

Step 4 {EU; KEAV, = arg IIAII‘P J(AV)Z
WTCTAVE < o(X(U:)T.

Step5  KIIGAVERIE R AR, g

CTAV; < o(X(Uisq))" = END,
/ﬁ\:quiJrl = U %MﬁfV(A‘/iil)_Gu[UrTl AV;H]
= 0P iHSAS ), R ARZvER G T 41,

Step6 i =1+ 1, ¥ 3|Step2.

Step7 U, = U;, AVy = AV, #E{@23)M
(24)3K tH M Fim.

Step8 o, =1.

Step9 Lt R a; = ;- X A
Step 10 {EU KT 2R PR L AU
U< MY“AVE +my <U.
FEFT I ZMEAC 20T il —
AVS, = arg HAlgl J(AV).

Step 12 tHEU, IR EATZ A H R 4G 1)
2, (U < U < U) = End.

Step13 i =i+ 1, ¥ %Step9.

TER— KA ZI, 5L MR I T XA S
e N ORI kAR IR, AR AR IE 8L
SRV I JRE ok R B 3R AR R WAL I FE R T 2
BalfmNERE, BIZ450 < X < 1.
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Step 11
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Un=[u(0) u(l) -+ w(Ne—1]", (4D
Mk + 1 ZIPTGR U B A
Up=[u(1) --- u(N.—1) 0]T, (42)
W RN E ¢ b — B 21 B 2445 i3 67 511 e N, —
LI Ab .
5 4 E4¥(Simulation examples)
AR ST o P A8 12K 23 B 448 T 24 1R SIS it 0 .
B 15 —ANIRAS 25 ) 5 R I 7, 224k Tk
T (A4 ) ) L.
5.1 H(FH ¥ (Numerical example)
R RIBAL AN

T, = Iy,
Ty = —3T2Ty — T3 Sin Ty + u, 43)
Yy =1x.
BNLIAA
—0.5 <u<0.5. (44)
H1 A5 (3) A #E H 0 RS S i A
v=1u+ (—3xxy — 23 sinzy), 45)

R ST BT AR AL T

a)= Lol 2]
. = + v,
Ty 00| |z 1 (46)
Yy=2=a.

WHEN, = 8, No = 5, KFF AT = 0.1s. K12
H A S Pt 0 SEVEBEAT P ER BT B BR 0 . A
BT LA A S5 8 A ORI X 5 S B S AN AN
e XA W, RGAE3 sIABIRR & Hk A W] W
.

2 T T T T
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0.5 T T T T
S 00 \/\
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Bl 1 OB PEALMPC SIS B Ay R i 3
Fig. 1 The closed-loop response for a step signal under the
NMPC

K25 7R T AERES AL BT IS AR KR, AE4T R
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ARIREALA TIX.
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30 H B
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IO_MM |
0 1
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Fig. 2 The number of iterations at each optimization step

D5 FLBE Ja AEAS [R) SR I R 2R AT, HL45 R AT
R AR VR, BT PN 0 39K, 428 PR RE A
P, VAR AT NG K, I Sk T AR S L
P BSGE PRI R RE L I S AE 2 TR OF I

A1 R RIS T 69 4% F] M AL AR
Table 1 The comparation of control performance at
different prediction horizon

TR THEAE BRI
8 1.0469 11.4042
10 1.1875 11.4036
12 1.2813 11.4032

5.2 B HE e B 2% 3% #l 5] @ (Control problem of
continuous stirred tank reactor)
P FE I N 2 A 2 T 5 i A A ) 2R A
R, BARG R K3 s,

SIS IFIVE

Fig. 3 Continuous stirred tank reactor
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JBCHA S NI R, T e R s U R TR i A IR B
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LA T R R HE TIOFL{H £k YEMPCHENE i 2 R4 R W] AL T g
dx, T PIRHELIE.
= D, - — 2 ),
T 1+ exp(1 n xz/’y)
de B 1 H D 2 T T T T
dt —n(l+ )+ '562“' 47) A
1 _ . 1 1 1 1
(1=a1) exp(1_+>x2/7)-+/3u, % 20 40 60 80 100
Y = Ty, t %
Horprs IANIRAEAR Sy Mo 43 AR A Ay E A 1 ' '
I BRI, P R RS HUKIRE, D, BRIy R = of N\ __——
G 3 k. ) bR R A4 KL B B T T T e e 0o
U SE T RIS A7 AE Y RIS e o
o)
P : = [z —x1 + D, - exp( )T, 0.5 . . .
,0.5 1 1 1 1
N , 0 20 40 60 80 100
KRGS R BT -
v=auth 4 WRERWSL F 1 RSt A
Hrp: Fig. 4 The system output and the control under step changes
1 + i i
o = ﬁ(fl + 52) ) (1 _ ; In fl 52)2’ in the reference signal
b — — _|_ + + . T T T T T T T T T
o (515 sz) & t&) LOOF — qpgkpempe i
In >t =2 09s| ---—mkMPC 27 ]
[ Da (1+03)+ 090F REREMPC F -
1 : S
1 - - ln w 0.85F _.".// -
Da ~ ' _.';//
L =8&)(& + &) el 7 |
H-(1-6)(& + &) 080 a
SR P P A 01 0 2 P R ZZ‘ 7 ]
[gl ] - [8 é] 21 + (1) v’ 0.65 _I 1 1 IIIII 1 1 1 1 1 1 ]
2 2
(49) 12 14 16 18 20 22 24 26 28 30 32
& 7
y=1 00 ] S 3 S RO
2 ke Fig. 5 The comparison of the three responses

—3<u<d, rnD,,H=1,
B =0.01, N, =10, N, = 5.
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UORRINE, o5 — R e etk il 7 ik, Bl — B AR
V5, AU TS 2 0 24 A Ay A s A 24 B
AR SR T PR N A A SR B X R Bkt
AT T HUER, 1545 H 3 o S 11

N, =5, N, =10

I 07 AR LA IS AT B Y, ASSCER K

TECSTREF il ik F v 5 — S0 ) i 1y A2 1F B A 4
I L, TN S R, B g D ek ) e s g
AE, (HE AN AT BB K 2, U xR
PEZRGE. LR s sl ik BE AN VA3 67 FH 9 A 7 T 6 3
i g MEAT LA, B2 S AN BN s A v R
PRI AL e B 5 B AR A I 18] . 62 R AN
TN A 55 s 3Tl 423 1) SR S 14D %of L 68 SR 3 47 o SR g
A2 3N T Bk #4521 7 T AT A, e ATT P IR
IR BEARCL, 1EE a0 B 6 T — 25 20 e s Jir 7 1T 5
GO/, BEE TN I S 386 K, SQP SR 1) v 5 I
) 38 KA W AE, — 20 Y ORI SC RT3 1 3 T S 1%
2R AL MPC SR I 5 I [R) 38 2 /b, 3% A DR %%
AR . 6] B A Y, 254 % BT 4
R hIE B, AR SCHE 6 5O 2 A MPC R AL
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R 2 EAG A de A M AT 3R89 98 £ F 7 A9(SSE)
Table 2 Cputime of the entire simulation and sum squared error(SSE) over the entire simulation
A I I
FE — \ - o :
—BYPRMPC  RBEMEEMPC  EZPEMPC WLRMPC  RBEANAMPC  ARZEMPC
10 0.1563 0.6563 61.4375 11.5181 11.4042 11.4481
11 0.1677 0.9688 61.6094 11.5181 11.4042 11.4481
12 0.1719 1.0156 61.7813 11.5180 11.4042 11.4480
13 0.1875 1.0469 61.9375 11.5178 11.4038 11.4478
14 0.2031 1.1094 62.4375 11.5177 11.4036 11.4477
15 0.2500 1.2500 62.5625 11.5176 11.4035 11.4476
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Fig. 6 The comparison of control performance
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