8545 % 455 W Ho# ok % R Vol. 45, No. 5
2019 4§ 5 J ACTA AUTOMATICA SINICA May, 2019

BEAAFABRARNHIREFTIERENENSHML
B KW BXE ERR: f &

W OE A A SR LR B (40 T (Differential-algebraic equations, DAE) RSG5 s (i fl A, i a4
DAE Hy%8 2 B A 20T SO AL B, S04 SO L S R Sk 2R TSR 26 B SR L A6 P MR AP 8
Ik, s B R A BB B OB, T SR IR M P AR W70, 5 4628 SRS L B AR 243k 20 N2 A
FF, BT SRARXERE. 4 T SRR, AR SCHE M T 45 6 5 12540 Wk DAE. FLHALBIS KA L3 B &S oL MR 77 3. 55
TR 2 it 250 T A ) 8 I o A R 5 ) AT, 60 43 R PR 5 B A A 2
BN S R RN, BF 91 M4 (Sequential quadratic programming, SQP) Y HAEAT A T, 731
JELJH P S R 2SR R 28 2 TR KKT (Karush Kuhn Tucker) Ffis. 6 FIEW] TR otf S sl SRy
4R EH 9 T R s B AR 2SR MO PR L R e b DT 2L, 5 SniE T W P A .

LA RERBRATE, BB, JBRIZEAE, S, St

UM IME, b, L, THY, AR R AR TR B RO TR RIS AR, 2019,
45(5): 897—905

DOI 10.16383/j.aas.c180302

Dynamic Optimization of Differential-algebraic Equations With
Inequality Path Constraints
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Abstract For dynamic optimization of differential algebraic systems with inequality path constraints, the equality con-
straint in differential-algebraic equations (DAE) is often differentiated or transformed into point constraints or inequality
constraints to solve. As for the former, the compatibility of initial conditions needs to be checked or more constraints are
added, making the original optimization problem infeasible in some cases. For the latter, the way that equality constraint
is converted to other types of constraints increases the difficulty of solving. In order to overcome the above problems, a
new method is proposed to solve the above problem directly based on the backward differentiation formula. Firstly, the
control vector parameterization is used to convert the optimal control problem of infinite dimensions into a finite dimen-
sional one. Then, a set of interior-time points by using the pointwise discretization method are used to replace the original
inequality path constraints. Finally, the sequential quadratic programming (SQP) is used to locate the Karush Kuhn
Tucker (KKT) points within finite-stepped iterations. Proof is provided for the finite convergence of the algorithm. The
dynamic optimization algorithm is applied to the differential algebraic equation systems with inequality path constraint,
and simulation studies are carried out to verify the effectiveness of the proposed method for the differential algebraic
systems with inequality path constraints.

Key words Inequality path constraint, differential-algebraic equations (DAE), backward differentiation formula, point-
wise discretization, dynamic optimization

Citation Sun Yan, Zhang Chi, Lu Xing-Long, Wang Jing-Ge, Fu Jun. Dynamic optimization of differential-algebraic
equations with inequality path constraints. Acta Automatica Sinica, 2019, 45(5): 897—905

A MARLHCR AR BRI % BRI, B E TR RGN
i 0 20180514 RAAMDIS1000 WAL T Ay TR sk ae RO & |
anuscript receive ay 14, ; accepte ctober 6, e e AL Al I 1 i b1 A N

E % B KR4 (61473063, 61503041, 61590922) FI ok e 4% 4 H”E%‘Iﬂ/ﬁqj%i:'%ﬁ A 73‘%1‘%?%’]@]/@?54{6@

ABHBF 4 % 4 (N150802001) ¥EH) TR B tsoy A, G REO B, XFER)

Supported by Natural Science Foundations of China (61473063, VoY% Y IITAANG A 4 A B VS FEL T s
61503041, 61590922) and the Fundamental Research Funds for AGGRNEIF REBCRGE. JeOb, SEBritiiee Lokt

the Central Universities (N150802001) TR, 5 B R A AR i Bl ) AR B 1) pR ETE 4
ASCIULAZ: ik TIE AT 1R v E 32 AT IR ) PN A B R A 24 TR ) 5%

Recommended by Associate Editor HE Hai-Bo R . R

LRI TG 6 A E R T A%%%E wm 110819 EE, RAIET SRR BRI % 4, Xl 2% 18
2 AR RS LR EAT 110819 : HAALE AR AR Sh S UL ) L

1. State Key Laboratory of Synthetical Automation for
Process Industries, Northeastern University, Shenyang 110819
2. Institute of Information Science and Engineering, Northeast- ern University, Shenyang 110819




898 H 3l 1k

E N

45 %

B &AL B8 (Dynamic optimization prob-
lem, DOP) F%ME R AR50 5 43 B ek 219
TN 180 ] g 2ot R AR i 1) R ) e P 4
1 (BRaAEE A4, o) F2 o f A5 J 1) A ) B A . {HL
FEXT T X 2 0 1), b an 63 & R 4 2 R 4
Poas il )8, H TR AR B Bl AR A A R
TEFE, SKARN A R AEDS). eah, SR AR R 4
A SR A AR X S, EL B R AR ) R st
FE P SO AT BEAR /N Bk R s A
BUHAL, BRgss s a2 80618 (Control vector pa-
rameterization, CVP), i il 5 IR 3548 & 5] B 2 HL
1k, BIIEAZFE E (Orthogonal collocation, OC), FF
TG R ) do e i 0 A e Ak ok A R A 1) A e e 0
B @, T OC HiEMTH AR 2R S, AR
CVP J¥.

A S I N W A 7 K 7 G VS T
(Differential-algebraic equations, DAE) &4t/3)
ASUAL R, R BB R - T A S, 1)
T BN A 3 B AR A RN 4 3 A2 20 R AT Ab 2L
W 75 VD 067 28 X I AR A R IR A  10) I ) A
AL BA AL 7 #E (Ordinary differ-
ential equations, ODE) hZ&SUuAk 781, Ff 2T
ODE myshi&tifb ki rab 3, 52 DAE 3| ODE
Py R T 7R 2 TR A A A, JF BTG
VAR _FAFRAA SR TAAE TR ME— RO gk,
2 2 R AR B ) R TR v B R (R A AR R R
TEOL T AT, Pontryagin 444 X f(A2 20K
Al Ry R (0 1 Y AT SRR, %0 R
PG, BEIN T SR AME . Fabien Rf 45 A o f%
PR AR P2 SR S e B R 4R AR AR K,
T LN AL JE 1 AT B R AL 3. BT DA TR b Ak
# DAE dii S5 X 2R 5 i — R 51 1 H) 8,
WA SR H G 22433 (Backward differentiation
formula, BDF)[23 f#:5kfi% DAE.

XA EEIRA W, SCHR [24] SR 2 E4TH
(Multiple shooting, MS) %, A4 = Bt A2 2 i %
R 53 B IR, B T SRS 75 B4 6 B 4T
I3 B N R AR B 4 i AR R RS AR A
FEE, &4 B R IR LA TR E— I R
PRAE, AIRARMEAT 2 FRAR A 25 8. SCHR [25] XA
PR AR YRR 5 15 24T HI W, #7412y
FORRRIRAI, S5 & A DAE SKfgas ik
173K, BN RIZABIR AR RNEX R
AR LR, DAE Bk o] GeAR &, T DA% ok
DAE SKff#s 2K = . Jacobson 2848 Hi i FA 5B AS
Eit e/ N RN i UL 1L /A L R S N W L e Ak e
SR I B S B AR 2 IR, (EZ X Oy YR ME DAL R
A B L B L ) A8 B g 2 1) )8 Vassiliadis

212707 3o A 24 RO A V) A i) 24 BB P
PEA R R T Ak, 8 0T 2 R R A R
B A% 0 SRR IEZ) SR Joid i, (H2 1t
FrEATRE 2 AE NLP [0 5[ 95 2 ) 20 45 14
Floudas i H #i™ sRAGEIEPS 220 H T HES R
4, Chachuat 4E2% 4 H ik B I AE S S R G0 %
DAz b, 5 YA SRAS () BR R i B S8 PT DA™ H k 2
N BRI, (HRVAR 4285 ; Rehbock 4§
T RO 0 1 BR B O RERS SR R LA AR
AR AR R 2 A e s i RV R Y ) 3% 0y 9k R AR
VEEARE EA TGRSR A8 1 2 NG XL,
LR L AN BER 2 Liu 25052733 $ 7 —Fif
R O I RS B A5 bR B0, KA SR AR 2R
A — G ARSI 2 H AR R g b, R R
AR B — A TC AR AR )R T H bR ek Bk X
2 RIS S5 X 2 o iy 3o S A o s ) T o0, T DA
R B AL 5 H AR R B E B — XA
2005 4E Chen 7E2Z Hif) CVP-OC B4 ) Al b
HE—H T BRI SR P, A B B SR AR AN
JEOAS 45 X PR A 2 T 1 S D03 o ) A, 900 s i 75 i
B8R 046 i DA AT Ak D 15 A8, XA mT DA AP b
G LALAL. AT Z VA2 R T A A 5 ki 2
W) ODE ghas b b, %t 744 A5 A g2y
WIAE 0 By DAE &R G0 5&E A THES.

PR, ASCERT B AR 20 DAE &
L)AL AT, SR A RO AR 3T S 80k
1) CVP Jrik, IR 4En) DOP 4k A A IR 4ERY
DOP, {54814 B RGN ASFHE. @4 A HUk
TG AR AR A A TR N R AR T
ACF, RTT T AETS E B B AR 2 R O R N
AR ER S KKT (Karush Kuhn Tucker) #
R EE. SREFH BDF Jii&K iR DAE J5 2
21, BRI kLRI (Sequential quadratic
programming, SQP) #1512 A% X R LR
AR S RHZEE N A T T, 7 H
R TR BE T AR S il A & R
T 1P) B AR 2 AR SRS

AL BT A T

1) KM )G ) 22 40 ¥ B #2 K i DAE, 8 % R
DAE {k>h ODE [#)3 #8 Hr £ 7= A 19 i 1 A 25 1
AERIG IS5 F SOk )L 2) P SR A A BB AR 2
WA HAR R B S5 4T 2. 9 Hoa] DA
TEFR & AR AR R R RS T, &A1)
AR AR B AL AR

ARSCEERINTR: 5 1 WX A RSB AE LR
) DAE &R G009 e 04 il @ T H A 55 2 7
IR ST SR SR AR s A D0 Ak IA) R A BN 45 X i
RARMBEIL. 56 3 TRFEE N H T Lol Ak T ).



54 Phaeas: B AR A o BT BE R A Bh S Tk 899

B JE N AR SO TAE AT T g 4 T X ARk v]
PARSCHE 7 T AT T R .
1 [a)REfEA

A HF B EAANELE RN DAE 2%
R B A 4 i R A3, MR 3 Bieglert®) 45 iy sh 514k
) AU AR TE 2N AN S5 U AR A R 45 1, 12 P,
2 Bu Y Il

in J=2olz(ts),y(ts)]+
,in Ple(ty),y(ts)]

‘ZVWWm@mwht (1)

s. t.
z(t) = flt,z(t),y(t),v(t)] (2)
glt,z(t),y(t),v(t)] =0 (3)
hlt,z(t),y(t),v(t)] <0 (4)
z(to) = o (5)
w <v(t) <u, (6)
to <t <ty (7)

Hep, z(t) € R @2IREAR, y(t) € R™ 280
i, v(t) € R™ 2EHA R H BT R AR50
w fl w,, XL RARZI ARG t € [to, 7] BIRREL
BRI IR %] to MEEHRIZ] £, FRRZ I ERY; 3h
SRGUFHE R R (2) 4 HAIaR R4S
N ®o; BN IR A B V0 A 5 2000 2 2 U AR 2
R (3) AL (4); HARsREGL (1) H21E
5 pla(ty),y(ty)] RIBRRECH ([t 2(t), y(1),v(t)]
AR AL e, B LER (3) R J7
i (2) 41 DAE . Ak —fBetk, BusX iy DAE
XA RIS A S B AL, H. index S 1.

X DAE R4 HA TR RGN n AR L
PRt ] DU AR SRy, A5 ERARZH (4) W] PA
FZ2A, HAHZ N AENEARLR, HALH Tk
(4).

WA (A i R R RT DASRT BRI S FE W] AT R AR
W& (5) &M, FHEAMAFEHIPIL v (1), (15
A (2) M (3) MR RLEW LR (4), HAERH
PreR %K (1) HTER .

2 FELER

A SCE R A A R AW DAE R4
8 g I 2 ol ), i e R CVP SRR To R 4 1Y
DOP #AL A FREER DOP, R i fm) UL AL 175 £
B RGBSR R A AR 2R DOP. %}
T RGMZESIFE, R BDF EERMR, #0 T8F
DAE #4ty ODE s G {E P I 2 s B i

My UEL PN Y A S S N R L B SR R O 2
KA BRI AR, FEA R PERTT, 15300 2 H
PR E M A RS AR BN KKT &t &
R EEEEMNE 1 .
JR HAREA BN
] DAE &%z &MAk 8
lCVP
N ANBAAL

ok BDE
A4 \ 4
KAty | | SRAf DAE
WAL AR e

B
([ = 7R S S 27 o
Fig.1 Structure diagram of the algorithm
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N $3(l) ﬁ%U%%?@
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ik [18] 4 99.97 %.
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24 0.4754609 111.2188
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= 02 34 0.4763620 348.0000
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6913.58)d¢

B 0.118
S +0.006X (1)
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Table 2 Results of fed-batch penicillin fermentation

HUFERTES BN Hprea%k J T (s)
12 1108269 187.5313
ARSI 14 1121255 301.5781
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Sk [18] s 14 1102600 2578.9
16 1102400 4109.8
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Fig.7 The status curve with path constraint
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