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Abstract: This paper presents a novel distributed economic model predictive control (EMPC) strategy with stability
guarantees for state-coupled constrained nonlinear systems with communication delays. The optimal economic equilibrium
point of the system is computed discretely, and a stabilizing optimal control problem related to this point is constructed.
The optimal value function of the stabilizing control problem is then used to formulate implicit contractive constraints
for the original distributed EMPC optimization. By employing terminal constraints and the input-to-state stability (ISS)
lemma, the recursive feasibility of the distributed EMPC and the ISS property of the closed-loop system with respect to
state deviations from the optimal economic equilibrium point are established. Finally, the effectiveness of the approach is
demonstrated using a cascade of nonlinear continuous stirred tank reactors.
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pi(€i(k)) = lia(®i(k — 1), u; (k- 1)), (33)
¥ X 33) A R (15), H Vi(z(k), u2(k)) > 0
vi(ei(k)) =0, 8n;(xi(k), op) > 0. 2t — 2, ¥ 1] 3

(14) B0 55 1R 32 P 91 e (k) AR N 58 (OF) o 6 22 30
Vi(a; (k), w;(k)), HEEa; > OMIEEREL..(), &
Vi(zi(k), u; (k) <
Vi(i(k), ui (k) +
olpi(ei(k)) + Vi(xi(k — 1), ul (k — 1)) —
Vi(wi(k), ug (k)] = ni(@i(k), o), (34)

Bl () A 22355 42 1l [F) L O)FE RIS 21 ) — A~ AT fig.
JIT LA (9) FEAT B I 2 BAT B E AT AT L. i), F )&
[ (0) FIRIRR A, JEARTE € 27T KRSz, (k) N &
L) — D AT HIGEIRE, LIRS 2 (k) € A v, B
X, N RGAT) AL, R,

T2 WRBE UL, R GH 45
] RO FEVI RIS ZIAFAE AT AT /. M TEE RSz, €

X, i, e
N Fu, € Uy, 2N FAZE R AT
U, (0 ¢)

N-1
a;il; o(xi,w;) = p; tZO &(t) + pi&(N), (35)

HehEa; € [0
B, (6, ¢).
iE N?E%%%L%%%eméLm$%%ﬁ
o B O) P T 2 R AT 4, AR S | TR, 20
PO ik € Lo 21 AETT TR
g 1 B9V TE R — LRI 220 (52

1 s L
; 5], W 2 Gt BN e, TS SR 3 28

s (B — 1) Mg (k), FFRH R SR EL B
HADMZENBH, SELHR K FOg), 71T

Vit (k), w3 (1) — Via(k — 1), i (k1) <

api(edR) + (1= ) Vi (h), ug (k) -

Witk — 1), wi (k= D)) G6)
QGBI (36), HHEHELT

Vil (k), i () — Vi (k — 1), i (k1) <

(s = Dl = 1) (k= 1)) + s,

(37)

RGO 16 () M 1) <) +
% 0. M) € g s B 0, 5. 958
(35)4Ji)\ﬁ(37) LicSHIES

Vilas(k), wi (k) — Vi(a(k — 1),

’ (3

wi(k—1)) <

(20 = Dl a(@i(k — 1), ui(k— 1)) <0.  (38)
Eh%%%%%@MMeé%%%%Wﬁ%
i(04.¢

AU, (8, ¢).  TEEE.
T3 AR M2 oL, N TEE RS, A
x;(0) € W;(8,5), W ARG, (8,.¢) HEATISS.
MWE 2R, AFAEN 1 (1) € Koo, 115

i (a]]) < 1o (i, ws)

FROT. MRV (s (k) wr (k) F oA
Aip(llill) < lia(zi(k), uj (k) <
Vi(zi(k), ui(k)). (39)
FI R SCHR 19100 2 B8 3, % T Vae, (k) € W;(6,), B4
Vi(z;(k), u; (k) L2
Vi(wi(k),ui(k)) < Ei(zi(k)) < Xia2([|lzill),  (40)
/E\:EP)\l)g() € Koo
TE LSRR (5,0 ) M, BB Vi (a (R), wi (k) 1%
sria%, 37
Vi(zi(k), u; (k) — Vi(zi(k — 1),u;(k — 1)) <
(ai - 1)li,a(mi(k - 1)7 u; (k 1)) + Qoz(el(k)%
41
mﬁ%eméLﬁﬁE@ﬁMddeKmﬁmAJE
IC, 53~ ks
Vi(zi(k), u; (k) — Vi(zi(k — 1),u;(k — 1)) <
oi1(lle;(k)) — Xis([|lei(k —1)]). (42)

G4 R (39)-(42), B3I F 1A, V(2 (k), wi (k) K
B R4 (17)H)—/NSS-Lyapunov B £, [Klit, ¥ &R
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AT, (6;¢) NEAISS.  EEE.

4 SEBIE
AT RS A TN AL CSTR s 1201
. F Fr
Car = %(CAM —Ca1) + 711(CA2 —Ca1) +
F, 3 _m;
: (Cas — Ca1) = 3 kige” ™1 Cay,
Vi =1
. F F.
T, = 7011(T01 —-T) + V11 (T, — Tv) +
Fr2 3 AHZ _ By
T, —T,) — ) RT;
i (T4 1) & pe, kioe Car +
UA
T, —T
pval( cl 1)7
F, F
Caz = 3-(Cn1 = Caz) + 77 (Croz = Cna) -

T, = Vg(Tl T5) vQ(Toz —T5) —
3 AHl _ By UA
——kjpe T2 Cpg + ——(Teo — T3),
i=1 PCp pcpVa
. R-F 2
Cas = %(CAQ — Cas) + ‘/0-33 (Caos —
3 By
Caz) — > kipe” ¥5 Cys,
i=1
: F,—F, Fys
Ty= 22Ty 1) + 2B (T — Ty) —
3 7 (T 3) + v, (Ths 5)
Yo ——kipe s Cpg + ——(Tes — T3),
i=1 PCp pCpVYS
. F F
Cas = —(Chas — Caa) + —+(Caos — Cas) —
Vi Vi
3 B;
Y kioe” Ta Oy,
i=1
: Fy Fo,
To= 2Ty — T0) + 2 (Tpy — Ty) —
4 V4( 3 1) + v, (Toa 1)
> ——kioe T Cay + (Tea — Ty),
i=1 PCp pepVia
(43)

H: Oy Caoi, Toi, Foiy AH; M E; (i = 1,2, 3,4) 45
A SN S SN AR« NFRFE L N
R N RS AFEICEE; T, Te F1F 20508
S SN IR FE | ¥ BRI AR IR B
FE,o 53 9 9 CSTR2AICSTRAFICSTR 1) 75 3 97 &3
Cps R, p, V ko 73 BINFAEE L SR E R WIRUE L K
AR L) 1354 28 U e S 4 540 &2 T8 1)
3R H A N HE R AE S AL G B S HPY: By =
50 L/min, Fy; = 80 L/min, F3 = 100 L/min, Fy, =
110 L/min, F,; = 25 L/min, F,, = 20 L/min, F} =

25 L/min, F, = 50 L/min, F3 = 35 L/min, V; =V, =
Vo =V, = 100L, Cpagi = 1 mol/L, UA = 5 X
10* J/min-K, p=1000 g/L, ¢, =0.239 J/g-K, E\/R =
Ey/R = 8750 K, E3/R = 9000 K, k; = 2 x 10%°
min~!, ky = 2.5 x 10'° min™', k3 = 3 x 10'° min—!,
Toi = 350 K, AH; = —5 x 10* J/mol. & RS &
Na; = [Ca; T HHEEHIZ T R, = Ty, JOREL
WA W3 38 X; = [0,1] x [300, 370]F1Lf; =
[280, 350].

% J& CSTRs 11 4 5 Y B8 48 b5 N Ley (i, u,) =
0.4 xsin(0.75(u; + (x; 2 —350)?)). HRGHEHME
BT 05 (., i) 73 19 (0.406, 350.231, 315.964),
(0.475, 350.347, 310.164), (0.52, 350.85, 305.607),
(0.549, 350.935, 302.809).

WE R TGV R (x5, u, ) FIEE BRECH
Li,a(xh ul) =

(z; — mi,s)TQi(mi —x; ) + Ri(u; — ui,s)2

il
Ez;a(ici) = (33% - Cl?i,s)TPi(CCi - 932‘7s)7
HrpQ, =diag{1, 1} M R; =diag{0.1,0.1}.

X R Gt (43) 1R 1 (6, wi o) AR PEAL AR SR
it e M — AT 45 (linear quadratic regulator, LQR)[A]
R, A5 1E 8 PR EEFE P, 43 53 R [263.491 5.197 5.196
0.260], [251.139 5.136 5.136 0.256], [229.508 5.003
5.003 0.250]F1[211.064 4.860 4.860 0.243], Rk
) 1 25 4 B K 239000 [108.736 5.445], [107.454
5.373], [104.672 5.232] F1[101.692 5.094]. % & &
N Ne; ;=63.13, 8, f =62.968, 65 ¢ =65 =61.23
Moy s = 62.968, Jay & 4% il H A 7 (x;) = K;(x; —
Tis) + Uis.

TEAR B, R WKL 28 40 7506 R G(43) 34T B8 B
b, BUCRRE 104 0.1 min, 00025 K 7, 3845 i i
R4, PiE S K N3S5. RAMATLAB R2022af)fmin-
con BRG] 1] A (9) A4 B AR Ak 423 i) 1) R
(14). "F @k DL 7 B SE IR IR UE A S T HE R
.

T R G HIEEIRZS 73 904 (0.6, 330), (0.65,
330), (0.5, 330)H1(0.6, 325). BT, MFEL B K
1-8FT 7. Horp, SR B M AL NS B a =
0.1,0.3 FIO.5HIF B L5 R

21,/ (mol-L1)

T /0.1 min
—a=01 —-a=03 —--a=05



2456 momoE o5 MO FA2%
350 T b ' * * = 0.4 T T T T T T
/ 3[0F T —F E V '
345 2 . —_ L A
S 0 st 2 E S AW L _
< 1 & 00f \ ) == A
] M0y 1 1 i « \ I \ ya
335 6 8 10 12 7 9 02k \ g .
330 = | 1 1 1 1 1 1 70 4 | | | | L L
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
T/0.1 min T/0.1 min
—a=01 —-a=03 —--a=05 W g
4 AR A %
A1 TREIRE € 4 T RG2MNFIERE FE
Fig. 1 The state of subsystem 1 Fig. 4 The input and the performance function of subsystem 2
360
.":\ ~ 0.75 T T T T T T T
;‘D 340 =2 070} 8;232 N ‘ 1 A
S 0.580 F\ 1
£ 30 g 06r 0575F N _ 4 ]
3 } 0.60 - 15 20 25 30 1
300 é% 0.55 1 1 1 -l — l- 1 1
0 5 10 15 20 25 30 35 40
T'/0.1 min
—a=0.1 ——-a=03 —-—-a=0.5
‘ 350 . —— T x T
3 l 340 - —~ T .
5 | v 349 N ]
‘;: Zﬁ 330 348 - ~\\\ 1
o . 3 7l .
320 + 5
. ‘o 10 15 20 25
1 1 1 1 1 1 1 1
3540 0 5 10 15 20 25 30 35 40
7701 min T/0.1 min
—a=01 —-a=03 —--a=05 Q00 — 003 ——a—05
K2 FRIMAEGE R K5 FEG3IIRA
AIN VIARY
Fig. 2 The input and the performance function of subsystem 1 Fig. 5 The state of subsystem 3
i gég — 360 T T T T T T T
- X - 310K T T T L
S 060 2 340 305 i .
& - T 30 A0 s e =TT 1
= 0.55 é 8§ 10 12 14 16
= 050 ~ 300} b
= s
280 1 1 1 1 1 1 1
. 0 5 10 15 20 25 30 35 40
T/0.1 min T .
—a=0.1 —-—-a=03 —--a=0.5 0.1'min
350 . - . — —a=(0.1 —-—a=03 —-—a=0.5
3506 /T2 ' 1
o 3 350.4 D
340 3502 1 3
] 3500 LA g
335 5 ~
10 15 20 25 S
330 L L L 1 1 1 1 —
0 5 10 15 20 25 30 35 40
T /0.1 min
—a=01 —-a=03 —--a=05 T/0.1 min
\ —a=0.1 —-a=03 —-—-a=0.5
H 3 FREMRS T,
) 6 T RGN RERR %
Fig. 3 The state of subsystem 2 K6 TR AR
Fig. 6 The input and the performance function of subsystem 3
~ 360 T T T T T T T —_
T T 075
= 0 - = o7
£ g 065
I 320 ] = 060
N . 8
= 300 = 055




12 W

—T

22,/ K

25 30 35 40
T/0.1 min
—a=01 —-a=03 —--a=05
BT PRGOS

Fig. 7 The state of subsystem 4

—_ 360 T T T T T T T
= 340+ 300 - ‘ /_)’\ ] .
S & <7
£ 320 1 1 4
~ 10 20 25
S 300 I — 1 I I I ]
0 5 10 15 20 25 30 35 40
T'/0.1 min
—a=0.1 —-—a=03 —-—a=0.5
3“2‘ ,\‘ ,/Y\\‘ v\l T T
é: 1 \ AN J \ 4 |
2 00F \ (AR / 1
By R R
—a 0.2 WY/ 4
-0.4 | | A \/11 | | 1
0 5 10 15 20 25 30 35 40
T/0.1 min
—a=0.1 —-—a=03 —-—a=0.5

K8 T RS4RI NFIVERERR

Fig. 8 The input and the performance function of subsystem 4

BT L8 WG, X F R Mo € 0, 1], 7
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