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Distributed EMPC of Multi-coupled Nonlinear Systems With Persistent Disturbances
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Abstract This paper presents a novel multi-coupled distributed economic model predictive control (EMPC)
strategy for distributed state-coupled nonlinear systems with persistent disturbances. Due to the non-convex and
non-positive-definite of the economic performance functions for coupled nonlinear systems, a positive definite auxili-
ary function related to the optimal economic equilibrium point and the corresponding auxiliary optimization prob-
lem are introduced. Then, the optimal value function of the auxiliary function is used to formulate a class of impli-
cit contractive constraints for the original distributed EMPC. Subsequently, the recursive feasibility of the state-
coupled distributed EMPC and the input-to-state stability (ISS) of the closed-loop system with respect to the op-
timal economic equilibrium point are established. Finally, the effectiveness of the proposed strategy is demon-
strated by a simulation example of four coupled continuous stirred tank reactors (CSTRs).
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z;(s) = fi(-’i;-“(f), Kz} (s) + X jen, 9ii(x5(s) s IF

H K@ (s) e U;. AR 2 AT %N, f71E Lipschitz %
oLy, MLy, A5 T 20T

|25 (k + 1) — &7 (s)|| < LY, |[2:(k) — 7 (s)]| +
> Ly, Il (k) — a3 (s)| (28)
JEN;
T8I T8 BRI M, iR ST R AL B ()

CIEES
()‘z min (P, )) l|Zi(k+1) — Z; i(s

) <
(Bi(@:(k +1) — }(s)))? <

(Ad, max( 1)) [|[Zi(k+1) —x;(s)] (29)
a7l (28) A1 (29), HI15:
L’ €
i Lg wref “(s
(\/ﬁ ]gr il @ ( )||) x

(N win(P))? > (By(@i(k+1) —ai(s))*  (30)
K3 (25) AN (30), FIATF |2 (k + 1) — 25 (s)]| p,
< e XA, X TAER &(k) € X, 7 M 277 (k) €
X, ISR K2,k € u; 1513 zi(k+ 1) ASH
I Xi, . UL, 5735 2 20 (25) F i AR E R4
BRE 27 (k) e Xy, BA X, ¢ RKT B
K@i (k) MR RS (22) H— DN EHERA4E.
NTEEIR 27), BBE (&) 5 @k +1) =
fi@i(k), Kida(k)) + 35 n, 90 (2 (k) FAMIEH,
FERI A (4) FFr FAER, 1T
Eij(z;(k+1)) — Ej(2(k)) <
PILE & (k)||? + 2|| P Ags| | Ls, | |12:(K)|[> +
(Li, Tl | Pl % [0 (k)I)? + (TiLg,, 1257 (k)|)? +
(Call P Agi | % [ (R)|)? + (DiLg,, 125 (k)| —
& (k)Qrai(k) — &) (F)Ai, min(AQ:)&: (k) +
)\i, max(Pi)(FiLgij | |3§§ef(k)||)2 (31)

FIF R (26), X (31) ATAEA:

Ei(&;(k+1)) — Ei(z:(k)) <
)

(@S (k) — Ui, o(@i(R), Kiaa(R))  (32)
RIC (27) KoL O
GRS X, ¢ M (27) 169 HFZ 542

i) (13) (193 VA AT AT 14 R0 P 3R 2 4 A e R D T Ak
B 7OREEA. N TAREI—MERTFNES X 1,
BN R AW T
Bk 1. eI E 1 Ara, 2R (25) AT (26) HRE T
£E5 X r FEHBEABHEMK (27) Kor. FENR
WBILE o+ 20 P Asil| Li, o + (Li, || Pi])? + || P Asil]?
= Xi, min(AQ;) = 0 WY IEA#:
LI+ 1P s, min(AQ:) — [P Asi ) +
1P, Al2)2 — 1P AGI PP + ||1P ) = ,
(33)
NTHEES Xi v, BHFE—NEB RIS
ei, AR Li oy < Ly . XAETIEFEAFSH
i, IE&IMES Xi T W, KA DAT S oAk )
|19 (24 (K))||
bovw = r8 s el
st (@ (k) — 2} (s)) " Pi(@(k) — 2} (s)) <ef  (34)
RIGBKINSHE e;, 13 Li g < L}, BROL
7k 2. A THAIER (27) Bor, & (31)
(@i (k) == o (& (k) Pps(&: (k) + 207 (&:(k)) x
P Agdsi(k) + TiLy, y& (k) Pidei (k) + Tig T (k) P Ay
&i(k) — 27 (k) X, min(AQq) & (k) <0 ¥ 2. B,
TEF e AF43 LA AR AR 1) 8 ) B B 2 B P AT
M;(e:) = max Ui(2i(k))
s.t. 0 < (i (k) — 27 (s)) Pi(@i(k) — 27 (s)) < ef
(35)

NTRE—ANKRINES X ¢, WTLL—E N
iy WBLRE M;(e;) & A ERP T

A 3. G 2 X, PERURET I RS
Zi(k+1) = fi(2i(k), Ki@i(k)) + 2 e, gij(fi;ef(k))
Fifs. 4T R4 AFEE RSN, fE7EH )
A Qo= {d: ||@ —x(s)||p, < cigi, 0< ¢ <1},
I TERT R i € M, B fi(@i(k), Kidi(k) €
Q;, V&, € X; 1.

LR, UEBA LT A (13) fyasHE AT
FAIE R GRS .

:EEE 1R 1~ 3 %4, N TEET RS

i€ M, HE a; >0, B NRFKAMEAL:
Lt_
Lfl. 1 Z Lg,;0;+ Ly <o, t€lon  (36)

JEN;
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1—c¢
O: < - 37
T O (P e (87)
L L
glx qu =+ NLuyb; <
\/ 1, Hllll 2 \/AJ mln

fﬁm%meeﬁ,

Vel (k) € X (38)

Hrf k€ Iso. IAZTFREHIN (13) EEE X v
R AT AT, HET X v R IR RS (22) B
— N EHBEAEE

MERR. N T AEBA R R ) A (13) 7E X v Y
BA ] A7 B IR BH 40 B 45 ) ) A (13) A
k—1 B ZIRROLEE, & B2 ERSL. F BT RS0 18
k— 1 WZIHPIRES i (k — 1) M5 F a8 (13)
wALAE G (k). & k B ZI0 N SR N g T 511
FEOT B (RPIRES 7 41
u;(k) = {a;(klk - 1), ---, 47 (k+ N — 1]k - 1),

Ki(&;(k + Nk))} (39)

@i(k) = {@i(k + 1]k), -, @i(k + N — 1|k),
@i(k+ Nk)} (40)

T SEIE R IA, REIE B 4 PR LA R 4
ERH.

1) ||&:(k + tlk) — &7 (k + t|k)|| < &, t € Lo.y:
K7 255 i B LA E RS j IRBEIRA &7 (k +
tlk) = &5 (k+tlk—1), HEE—-1 HZ T RG ) 1
2o 5F A R (13) A R (|23 (k +tlk — 1) —
2 (k+tlk —1)|| < 65, t € Ty BROL, MAE K —1 15
kB ZPRAES &5 (k + tlk — 1) SAMATIRE & (k + t|k)
WEN:

l@i(k) — @7 (k|k —1)[| <

Z LQUHx;(k - 1) - m;ef(k

JEN;
lwi(k = DI < Y L, 65 + i
JEN;
|25 (k + 1[k) — 27 (k + 1]k = 1)|| <

Z Lgij(sj + Lfi Z Lgij(;j + LfiPyi
JEN; JEN;

— k=Dl +

|\:i:i(k+t|k) —zi(k+tk-1) <
Lt
Lf —1

}: Ly, 65 + L v (41)
JEN;

%8 (36), W (1@ (k + t]k) — 27 (k +t|k)|| <
i, teION}ﬁi_L.
2) @&i(k+tlk) € X, ©Bi(t), vVt €li.y_1: HI
(41) AI45:
i(k+

|2 |MH<Hw(k+ﬂk—UH+Ly%+

Lt —

L E:Lé- (42)
_ 9ij ~J

sz 1 jeNi

BRI &s(k + tk — 1) € &; © Bi(t+1), 854
B;(t) HI5E X, W15
ixk+ﬂmexm93@+1) (L% i +

E:Lé C X;© B;(t) (43)

3) &;(k+ N|k) € X; p: 30 (41) w50, 5 F14E
Bt € To.y, 2V (13b) AL, MAFAEMRBOIRGS 277 (k
+ N|k) € Q;, 15 AL

@i (k + Nk) — @i (s)|[p, <

187 (k + N k) — @ (s)]| p, +

||2i(k + N|k) — & (k + N|k)||p, <

(N, max(P3))20; + cie (44)

Bl (37) RN (44), 745 |2:(k + Nlk) —
xi(s)||p, < e;, BRI UL 2.

4) @i (k + t|k) € Us: Nl A& (39) AT,
Btely oy B wik—1+tk—1)ecll. 5t=N
i, BA &i(k+ NJk) € X, r, WIELmRES X r
WAELE R BRI A K@ (k + N|k) e U;. R, #56)
N LI AL

ZE5 1) ~4), BHIF (39) WE LI (13b) ~
(13d), MBI AL )8 (20) 75 k B ZIAFLE T AT AR,
R4 B AL 1) B (20) 76 X N B AT 4 AT AT 1, B
u%%%%w@()fkﬁﬂﬁﬁﬁﬁ%;#&%

ag(k), W Ve (@i (k) < Vi(@i(k), k), &7 (k).

5) Ve(@i(k)) < mili(k), au): PBIOSABIIEAL ]
@l (20) FIEAMRE ag (k) WA 2R (13b) ~ (13d), 7
B IE B AR AR a2 (k) W2 (13e). BT 51 a2 (k)
R (15) FF5 4R %L (21) ZEIEHE, AT

Ve (@i(k)) —ni(i(k), o) <
ailVi(@i(k), wi(k), &7 (k) — Vi (2i(k)) —
@i, c(ei(k)) — (@5 (k)] (45)

o, 30 (45) AR R EE
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Vi(@i(k), wi(k), & (k)) -

j Vi (@i(k - 1)) =

(li, a(@i(k + t|E), @;(k +t]k)) —

|
o

t
L o@] (k + )k — 1),

N—-1

E:E:[w%k+ﬂm &7 (e -+ 4]1)) —

0 je

u(k+tk—1)))+

L (@ (k + t|k — 1), “’f(k+t|k_1))}

li,a(@; (k= 1k = 1), @ (k - 1]k — 1)) —

> lij(@) (k= 1k — 1), &7 (k — 1]k — 1)) +
JEN;

li, a(&i(7]k), Ki(&(7|k))) +

> lij(@i(rlk — 1), &7 (r]k — 1)) +

JEN;

Hf, r=k+N-1. A @k +t—1k) =a;(k +
t—1lk—1), t € Li.y_1, FIHI (16), BrBsiA H %L
li (v, ) BIZE(E ]

i (7|k—1)) (46)

N-2

> i, @ik + k), @ik +t|k)) —

t=0
L o(@5(k+t)k — 1), @ (k+t|k —1))) <
N-2

Li Yy |@i(k +tlk) — &7 (k+tlk — 1) (47)
t=0

HAAAI, RS BRE 1 (-, ) ROZEMEN:
Z P ICACERIIO

t=0 jEN;

Ly (&5 (k + t)k — 1),

&7 (k + 1K) —

25 (k +tlk — 1)) <

N—-1

> [Z Lig||&:(k + t|k) — & (k + t|k — 1)]| +

JEN; -t=0

Lug||25 (k + tlk) — &5 (k + |k — 1) (48)

FIHABIEE 2 Hhal (27), AL E; () MZEEA:
Ei(®i(k+ Nk)) — Ei(&;(1|k — 1)) <
Lg||#i(r|k) — 7 (r]k — 1)|| —

i, o(&i(r|k), Kidi(r|k) + (@] (k) (49)

HORRA @)k —1) € X, p Al 2;(k—1) €
Xjr, FH Xir M Xj7:={a;k):|la;k) -
xi(s)||p, < ej, g5 > 0} AEHEAZRLE, N

Lij (& (r]k = 1), & (r|k — 1)) <

file b (5
(A, min(P5))2 (Aj, min(P)))2
U (47) ~ (50) AR (46), I HAIH L (38),
T
Vi@i(k), w;(k), & (k) —
(@5 (k) + @i, e(ei(k)) —
L a(@ (k — 1), 4} (k— 1)) (51)

BT a; > 08 () NIEERE, #l (51) 48
A (45), FH A5
ni(@i(k), i) — V2 (2i(k)) >
aili, o(@i (k= 1), 47 (k—1)) =0 (52)

R, 740 a2(k) W2 Z2IW (13b) ~ (13e), NI
E B BhAR AL 1) B (20) HI AL P51 ag (k) NE
Gz [l @ (13) BI—AN0TAT AR, Bt DAG 43 il ] 2
(13) BA#MERAT M. M, X TR @4(k) € X v,
LR T R G RBCIRE 277 (k) € X; v IR

R (25), MRS @ik +1) € X, n. HBREEFFHI
W) R (13) FIRIGG 26 1F, JEARSE & 3 3 AT A, v A2
IR RS0 (22) BT, O

4. tHsE B 1 AT, AN T A @ (k) R
LA R (20) B —NAIATHESF 51, HA—E
LTS (13) BaTAT A, BN T 5
a; (k) A —E R WAELIR (13e). BT 4B
R (20) FIERHE 8 7 21 af (k) i R IRZE LR (13e),
WU B ag (k) &5 ) ) (13) PIRIAT R (d
WARIMTH), NI T;(2(k), as (k) < Ji(@;(k),
ad(k)), k€lIso AL, [FIER, 53] (13) 1
BRIEHIT A ar (k) R2uh e m @ (20) 17
e, NI V2 (& (k) < Vi (2:(k)), Yk € Ino L.

T 2. HHEE 1~ 3oL, W TEBET RS
i e M G ) B (13) 75 )46 I 2017 46 T 47
filt, 457E a; € [0, 1), MM RS (22) TEEHEATLE
2&, ~ WA ISS.

WERR. & VX (z:i(k) NI RG (22) Wik
ISS-Lyapunov BRE. BRI o), L, ) I E()
A SR A, M
i, 1 ([l (B)|]) < b, o(i(k), ug(k)) <

Vi (@4(k)) (53)
s 0 1 (|l (B)[]) = Ai, min (Qa) |2 (K)]? N Ko

SRR, BRE Vi (k) MBS, IR NBLTR
i

Vi (@i(k - 1) <

TR -
W& B
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1) Ba(k)e Xor N, BINX, 7 22— DEE
AL W53 2 ATRN, TE X, PWIAFAE R il il 4t
ik +tlk) = K;z:(k + t|k) € U; {13 X7

Ei(@i(k+1t+1|k)) — Ei(27 (k + t|k)) <

(@ (K + tk)) — Ui, o (@ (k + ),

a;i(k + t|k)) (54)

Hrp ¢t e Tog.y_q. FENHE, FEE REAAE A

i(Lig||@] (k + k)] + Ly |127 (k + t[k)]]) >

D i@ (ke + k), &7 (k +t]k)) (55)

JEN;

¥ (54) A1 (55) Mt =0 B N -1 R0t
ghdy, BRI

Vit (@i(k)) < Vi(@i(k), Kigi(k), &5 (k) <

5, 1(|Iwz( M + i, 1 (11257 (k)11 (56)

Hodr, o, (@a(k)l]) = 25000 Lllar (k + k)| A
Koo KHE, SN (1 + Liy) o (185 (k + k)] |) ==
oi 1 (/1@ (k)|) A K ZER%
2) Hai(k) € X, N\Xy, o B, R 1 o(-, ) A E; ()
A REE, X NMEE, S = max{l;, (i, ©;) +
> jen: lig @iy ))& € X, v, @ € Uy, &7 € X5 )
M E; = max{E;(&;)|&; € X; 7} 0 V(& (k) £ X; n
Uy PR B Vi e 1= B + NI 5 8500
T Vi, max < i, s (R)]]), 3 i, 5() N Koo
KB, W Vi@ (k) < s, 5(]aa(R)|]); 7500, 35 A2
Vi, max < e, s(l|a(k)]]), Fort, ¢ A—AAE G0 £

26, 5(-) = max{1, chpui,5(-), Ml
Vi (@i(k)) < 6, o (||l (R)]) (57)
oz (53)s (56) M (57), fE1E Koo FHHT
8, 1(-) 165, 2(), K Koy, 1 (), 15 AL
di, 1([ls (R)|]) < Vi (@i(k)) <
8i, o[l (R)[[) + o, 1 (|2 (R))  (58)

o, 8, 2(+) = max{&i) 1) 51 2()}

PR TEIEH] I (13) 76 k — 1Ak B ZI6
50 ar (k — 1) F1ar (k) RN (21), W I &
é}i (22) W ZE s, 4G (13e). (51) MIZH

clo, 1), BRI 1S

Vi*(ffsi(/f)) —Vi(@i(k—1)) <
(1= i) (V2 (@i(k)) — Vi (&7 (k — 1)) +

ai(pi, e(ei(k)) + (1|25 (R)]))) <
(O(, - l)lz a(:i*(k - 1)7 U*(k - 1)) +
2(1+ o) max{es, c(ei(k)), L[| (R)D} (59)

WAFAE Koo RERELS; 3(-), K K H o4 () =
2(1+ qi)gs, o(-) Moij(-) = 2(1+ ay)ly(-), 5 X
Vir(@i(k)) — Vi (@i(k — 1)) < max{o, c(|les(F)[]),

i (1257 (K)[)} = 8, s(llzi (k — 1)]]) (60)
BT AL (58) A (60), HHIEE 1 vl %0, V() (k)
N RS (22) 1—> ISS-Lyapunov 4, # H.
I R4S (22) (EEBALE X, v W2 ISS. O

4 ZPIRE

F e VUANELEK) CSTRs™, HEI SR AT
BRA:
) F F
Cay = =2 (CA01 Ca1+ ACH) + Vll (Caz —
2 3 - B
7' .
Car) + 71(0144 —Ca1) — ;k‘ioe AT Oy
o fon Fp F,y
T =—Tn -T T — T T, —
1 V1(01 A1) V1(2 1) V(4
UA AH;
T T, —T RT
1)+pCpV1( cl 1) lzl ey k‘oe ICA1
C’A2:7;(CA1 C’A2+ACQ)+£(CAO2 _
3 —_ .
Caz) — ZkiOeTT?CAQ
S Foo UA
To = “NTy —To) + “2(Tyy — T T,
D) V2(1 2)+V2(02 2)+pcpv2( o
AH;
T») - koeRT2 Caz
. R-F
Caz = =2 v (Caz — Caz + AC3) +
3
F 3 —E;
% (CAos —Cas) Zkioe RT3 (O g5
i=1
r F2 - Frl F03
Ty = Ty —T3) + 2B (Tpy — T
3 Vs (T» 3) + Vs (Tos 3) +
UA 3 AHZ =By
—— (T3 —T3) — . o RT.
pCpV3( c3 3) ; [ kzoe 3CA3
Cas = 7 (CA3 — Cas +ACy) +
Fos ~—(Caos — Casg) — Zkioe%ﬂiCM
V i=1
Ty = Z2(Ts —To) + ~2(Toa— T
4= V(s 4)+V4(04 1) +
UA AH,;
TC — T ]g RT, 1
pCpV4( 4 —Ty) — ; e 0e P 4CA4 (61)

Hrh, Cay, Cavis Toi, Foiy OH;, B FIAC; (i =1, 2,
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3, 4) AN @ AN ROV S IS I BE L N
WL N RS N TR OB V10 BE AT B
ANEBH; Ty, T M EF; 53 AN i A IRIBLES )R
IO 2 5 VAN AR AR R By RO B 0
N CSTR2 F1 CSTR4 F| CSTR1 M &
cpy Ry p, V A ko 73 BRFAGE SR E T
AR N3N /1% 24 U IEERBES 5 &L
AT FRE A A N B i AR, R AR it el
Hh S ) R RS e B A Sk IR AR S 4 S 0
Fy1 =50 L/min, Fys = 80 L/min, Fy3 = 100 L /min,
Fys =110 L/min, F,q = 25 L/min, F,5 = 20 L/min,
Fy =25 L/min, F, =50 L /min, F5 =35 L/min,
Vi=85 L,V,=100 L, V3=115 L, V; =130 L,
Caoi = 1 mol/L, UA = 5x10* J/min-K, p =
1000 g/L, ¢, = 0.239 J/g-K, E;/R = Ey/R =
8750 K, F3/R=9000K, ki =2 x 10" min~!, ky =
2.5 % 100 min~?!, k3 =3 x 10'° min~!, Ty, = 350K,
AH; = —5x10* J/mol. & LIREL & z; = [Cai,
)" R ARy = T, FOIRSFIEEHIZIR &, =
[0, 1] x [300, 370], U; = [280, 350], L& EFN ~; =
0.025.

ERA R FET, FEREL R G
FRAR AT A ENRE, K S B FE AR E R R X 3k, DA
F#X CSTRs AelEIHFE. A « > CSTRs HEAGF
PEREFRAR U R 2255 B AR R EL:

Lei(z;, u;) = 0.5sin(0.5(u + (z2 — 350)?))  (62)

I (8) TFHE AT 55 (27 (s), ul(s)) 737N
0.4343, 350.1826, 319.2854), (0.478 1, 350.3538,
309.856), (0.4992, 350.4154, 301.601) F1 (0.5155,
349.2755, 295.9798). WEH KT (x;, u;) IRt H
PREREUAEFE N Q; = diag {1, 1}, R; = diag {0.1,
0.1}, Q;; = diag {0.01, 0.01} M AQ; = diag {0.1,
0.1}. f#/ LQR (Linear quadratic regulator) J77%
WHE B K, 75008 [86.321, 4.744], [108.1057,
5.4094], [131.0222, 6.116 3] 1 [154.8117, 6.858], £
SHAERE P, 008 [171.5382, 3.5072, 3.5072, 0.1927],
[257.1697, 5.167 5, 5.167 5, 0.259 0], [359.845,
7.202, 7.202, 0.336] A1 [478.515, 9.620, 9.620, 0.426].
R, A5 R A Lipschitz #3008 Ly, =
1.1176, Ly, =1.05, Ly, =1.087, Ly, =1.1154, Ly, =
0.294, Ly, =0.2353, L,,, =0.25, Ly, = 0.434 8 fll
Lg,, = 0.269 2. #4512 2, =HI S50 m%it N e =
4.7589, ey = 5.5449, e5 = 6.3514 fll ¢4 = 7.176 8.

TEGT B A, R BB 2 90 0 R 48 (61) #EAT
BEUL, BCREE A 0.1 min, BB EKN 7, 15
HEB KN 80, HAlSHN 6, = 0.015, 6, = 0.02,

3 = 0.025 F15, = 0.025. KH Matlab R2022a [
fmincon BRERAL THE S FHE I 10 & (13) FH%H
B4k e @ (20). R T LR 07 B S ES I6IE AR 3
JIT B S A R

T T REMVIEIRE x:(0) #BR(0.7, 310),
ARG MHNBFEB IS AC; 47 5N 0.015sin(t/2),
0.025sin(t/2), 0.02sin(t/2) A 0.025sin(¢/2). BT H
L TR R WE 2 ~ B 17 Bios. Hob, SiEh
ZH o =01 KT RER; BENSE o = 0.5 1]
HAER; BN o =08 TR R.

WK 2 ~ B 17 fTUARH, ST R o €
[0, 1), FERFEEIBN T, M3 T RGUR AL RIRETF
ST (7 (s), up(s)) ML FAaE. SR, ANF &
o X RASFE AP RAS L. AR S, RS
FIRESE R UUE H, 28 o B/, HIH RS REL
WG, WNERERBOTLAE 1, 28 o iR, RSE
(1 e BR BUBR . X R RS & B AR E
P& B R R R H BR . M AR ST 4 Y SRS

0.8

"0.445
0.440
043522
0.430
0.425
50

55 60 65 70 (Gl 80

21, /(mol/L)

0 10 20 30 40 50 60 70 80
fFE] /0.1 min

K2 TRS PR o1 Pk
Fig.2  State zl trajectories of subsystem 1

360
350
X340t 351.0
c_f 330 F 3505 |,
490 350.0
310

0 10 20 30 40 50 60 70 80
B /0.1 min

3 T ARG 1 HPRE 22 Pk
Fig.3 State z1 trajectories of subsystem 2

350

—_—ca=0.1
—~ 340 f e —a=05]1
% 330 ‘o zzze =08 |
g
=320+
S 310+
300 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

BFA] /0.1 min

K4 THRS1EHHEA
Fig.4  Control input of subsystem 1



702 H Zlj (8 ¥ i 51 %
o : : : : : : :
- = 0.70
: € 0.65
\&2: < 0.60
3 = 0.55
----- 0.50 . . . ; : : ;
' ' ' ' : 0 10 20 30 40 50 60 70 80
30 40 50 60 70 80 N .
BFE] /0.1 min ] /0.1 min
K5 T&S 1R Bl 10 T &% 3 PIRA 21 $hadk
Fig.5 Performance function of subsystem 1 Fig.10  State zl trajectories of subsystem 3
T T T T 360
B 350
----- =08 ﬁ 340 i
C;:, 330 a=o1] |
320 ———a =05
----- =08
X 310 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 30 0 10 20 30 . 40 50 60 70 80
A /0.1 min ] /0.1 min
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