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Abstract In this work, an economic model predictive control (EMPC) and corresponding switching strategy for nonlinear
switching systems are presented to handle the unreachable problem between mode transitions. An open-loop optimal
transition for systems to prepare for upcoming switching is proposed. The corresponding calculation is done in the RTO
layer, and optimal mid points and trajectories are updated in due time. Systems states are driven to the mid points
respectively in the preparation phase and transition to the succeeding mode is complished in the switching phase by
a switching scheme. Both optimal steady-states and mid points’ asymptotic stability in the related mode are insured
by a dissipativity based EMPC with auxiliary controlling index, and simultaneously a computational upper bound is
established for best improving the transition economic performance. Transient performance analysis and simulation result

have verified the validity of the method.
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A (23). 1% 0] B A A L w, R VAR B
Iz, RS E S BASREAs R (28, us,), W
z:, = Z(N), us, = w(N), FH, KA ArpiE
(x5, us,) 1’F7ﬁlﬁﬂﬂ%i‘¢' (@, us,). FAhiEvIHAH
Wiy 4

z(n) =x(n+N),

WIB 3. W HRRERE A (2,,u),
I (13) s kT (x5,,us) M a,(z,u),
(22) ffisE 6., 32K T (x,,us,) M4 B RE
FEbR I (22, us,,0.), FEEERT (25,,u,) FKJ
B W TE RE 98 br ™ (x5, us,,0.), %HTZJE% i) 7
Py([z,u], 7, f,,, Z™(x5)), 20, 25)).

""J‘;qgk; 4. E%ﬁ Diy Di+1- %pi > 0, i bi =
Pi — 1,piy1 = piga; B0, ps = pi, piv1 = piya — L.

BB 5. # T, = oo, MIHERHT A T, LVFR
G e R HOBRAS LU, PIRSTE R =8, R[]
W2, 5T, < 0o, & Ko = [(T, — N xp;)/pi].
RS Ko MZIH 2204 o8, kA0 2; F0,
HT (25, us,) MWHEREE T, REKAE Ko I 218
ANRTRER 25, MR B,. (7)) W. B8 K -1
%, K Py ([&,a),0m, f,,, Z™(x2,), 2, x5
BRI BAPE, ZREPET R, RSN

2’%%%, RSN DiyPit1:
LB ]

Ra

v(n) =u(n+N),n € Ipn (24)

H1 %
5

BT Bys (r) = CouBys (7)) W. k € [K,K + N
1N S S N | B2 S i a7l R

S B (4 ) B I 8] 9T T8 BLA% ORI, 12 Il 7S B A SRR
Xk (xo,u0) = -+ — (mfp7 Ui, ), B i+1F
(@7 007y, ) = (@41 0,871 0) = -0 = (@41, u7y)
RPN e LA (G =i ARRES B i + 1 8
AHAT ). IFH A SR [15] 5, AT M Fe e
TR A S8 552 B T PR BRI 3 25 1 RE L ) 0 SR A TN
RILHIBATE VIR,

E 9. HIE) AR B P BE R AR A AT
BN, £ RTO JZH R, Z VI TIEEK
HELSI (8] T, &R/ T, > N X p;. ik, ##E
I T AR H R, WA RS AR D R 2.1 FR AR K
i 1) S B ) SRS

E 10, m # m!, FoRSER RGN K EY)
. T, LU IKR, B UGS HPIRESIE, REUIR
i‘i'JL_( S Wy, ) MRAEDI T, IR, 15
5 N TR E, SERRUI I ZIRI S, 75 4+ T,. PR,

ek, z(k),o(k),7,T,) =
o(k), E<t+T, Nx(k) # xsy
{ o(k)+1, HAth
(26)
Hr 2z, = T3 00 o
E 11, B THIBIT A (24) i s AR
S () BPIRS L NP, R R 8 (25) B —i %)

HOE AL HE R ATV, AR AR NI AT

E 12, AR KIEFEHEL pi,pi K, PR
2 FRUEBAAWATHE, XEHT A=K+ N+1
BF, B BB (25) B AR TR E A S IR

ASPIHAR R (25,,u;,) BATATHGE, L EXGEAC
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B2 AN (5, u5,) B (27 ,,ur,) R

75, JLFER IR 2 IR AT AT .
3 YIRS REFES T

ARS8 V) e 28 408 A P AE 1) 07 U4 5 SR
[10,18], & 3z; € ¢;(x;, N) N i (), N), HI
HAAAE— A RS SO RGOIRE T IH B
TS (x),u)) NZIE XN k=0, KERRIZL
1075, (), (k). EHRIIE 7%, BRI T4
U stz u) =1 (2,u,0) — I (x5, ug, 0) HIREIAR
. PRk, [FISCHR (8] s PERETRbx:

Li(x,u,8) =1 (x,u,d) — L' (x5,u;,6)+
Aa(@) = AL (f (2, u)) (27)
E X Vg (o) = Py([,a ], Li, £, 7 (®5), 20, 25),
Vi@ ) = Py ([ ]L Fipn, 27N @) 2o,
$~;-k+1) ( ) ([‘Ii ﬁ']vl 7fz?Zl( ) 1‘0#’"?)'
Vy (1'0) SN([fi' ’&']7lé7lé+17fz7fz+l7m07mz+l)

RPN LR R AL R Vi () -
Viy(@) < Li(z;,ui,8) —Li(z,u,6), Mk

7 7

0
Z;(‘T7u75) < ‘ZZ,N(‘T) -
WIS BRHERR AT (z,

S e
V:,N(‘TO) -

%'T‘I‘Lﬂi?'i'PN([i?,ﬂ],EiJrlafiHaZHI( z+1) xo’xfﬂ)
WA RS R, NI R LT e,

1) T, K, AR RIL 8] m R 40 kA U1k
iz, (K)=2z;, K = T.

%J‘:‘? (.T;k,u;k) ( 17 z) V;"ZN( S)_O

Ti—1
> Limu(k), ple,(
k=0
WN(-";:) - ‘Zi,N(mu(Ts)) =
x )k (msjus) —

ZLZ“ z,(k

Vrl;rvl( i) - Vrl;rvl(x;'kﬂ) = ‘;;Z;Lvl(xf) (31)

xR, e MR RE TR b L B P RE AR
PRSRARDE AL ) RN iDL AL iz 5 4 AR ), HARAE 1)

f/qj,z\r(""'Jr) (28)
(k), w(z,, (k) WAL

) 1z, (k)), 6) <

Vin (@, (K)) (29)

k)),0) <

Vin(®) (30)

(33:+1 ) u;‘+1)r

) 1z, (K)),6) <

AR LA A=A H H. PRt

Vi) + Vit (@) < Vier) + Vit (e;)  (33)
V@) 5 Vit (es) £oR M 8 (23) 3k
fﬁﬁﬁfﬂﬁ‘]* ) F2 & sl F &AL B, 4y B

RN PN([E al, L, fo, 7 (), 0, 25),
PN([m u]vL-H’thl’ (xz-',-l) Zo, z+1) EP H/JTE
IR,

T (@, (k) w(w (k) = 2 le(@u(k), m(z(k)))+

31 k), e (k)
(Ts - Ti)l_i - (Ti+1 - )l_iﬂ <

P+ T(0,x, 05, Ty — i)+

M 7

T8, 25, ), i, T — 1) (34)

/\EP
T (6,25, 0, T) = =T+
131z, — 22
A (L Uy )—
2 =3Bl —ma ) i i)
Oém(xmll')]

(35)
SRS ZR7s B U N BEAE [0, T,] 21K 3R
m, NLZE 0, BB o, RUIHRISIA] T, B AT

8] 71 — 73 AHORIRIETN. p}, 0 & RECP ]
TR BRI PR A

2) Vi (A2 B, deit Ts =T, = K+ N, K
I ZPRZS AL TP A j AR, (K) € Bas (7).
G (27, u)) — (@.(K), p(2(K))):

=

(k) p(z, (k). 8) < Vi (@]) — Vi (@u(K))
(36)

JH:H#@%H%SJW@?%

>
Il

0

%E k € [K,K + N):
Feb e @ o(25). K M, oz = x,(K), %
i 5 Py (&, ﬂ],lZ,fz,Zl( ), @o, x5 17 A [ B
g {a(0),a(1), - ,a(N) = us} L4k
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L &(N) =3}, HE AR A:

Vi(@(K)) = Vi (2(K)) (37)
K+ 1 WZITRE TR {2(1), -, 2(N), z(1)},
{@(1), - a(N),v(1)}, WA
VJ\S/(‘TM(K + 1)) - VS (mu(K)) <
~'(x,.(K), p(x,(K)), 6)+ (38)
I'+1(2(0),v(0),6)

fri) 24

Vi (@, (K +2)) = Vi@, (K +1)) <
l~i+1(z(1)7v(1)76)_
(@, (K + 1), p(@, (K +1)),6)

Vi@, (K + N)) = Vi(@, (K + N - 1)) <
[ (z(N —1),9(N —1),0)—

Iz, (K + N-1),p(x,(K + N-1)),0)

(39)
Bt
K+N-1
Z Iz, (k

Vi (@ (K)) —

) 1z, (k)), 6) <

Vi (@. (K +N)) + Vi ()

(40)

mu(K/) = mr+17 E TN
PEAL R ).

I8 ke [K + N,K'], 3,
RGURSRE 2P

K'—1

> @, (k), w(@,(k)), 8) <

k=K+N

XN/J@H(:I:#(K +N)) — VlH( i) (41)

Vi(z, (K+N)) 5 Vit (z, B, Wl

Zl z,(k
Z I (@, (k) u(a

Vi) + 74 -

(K+N)) &

) 1(@,(K)), 0)+

IN

u(k));0)
Vi (@) (42)

m Vi@, = Vil @n) + Af(en,) —
Ny ) = 0 15

Va(ay) + Vit (@) < V(i)

+ V(D) (43)

Rt (34) A1 (35).
SN, SHEIERN, RIVRS 0%
WP e 6 4 45 5 A e 5 ) A
BN A, AR LP@%HWEEMMﬁﬁ
AR E T, % b5 o ) S R R A i
FECPARE s JEMRRHL . 25 AR 4T 2%

4 {REIGIE

B2 (Continuous stirred tank re-
actor, CSTR) R, Hh BA RN A — B,
HI W B — C. JUAS R b

%%:é@%—Cm—hﬁ#@

% — —é(}g + ke T OF — ke 7 O

dd(/;c — —écc + ke 77 C?,

(il_f _ _é(TO ~T)+ _AIp{l /<;1e7RET1 Ca+
SV T

Hh, Cu, Cp, Co RoR=WHRNY A, 7Y
B, C WK, T Ron N BE, Q Ronift
g RN G I IR, O W AR AR A RN AR AR
V =1m?, 5 RNAHESHEA: By = 5000kJ/ kmol,
E, = 4000kJ/kmol, k; = 176.94h~' k, =
10.88h~!, AH, = 1.05 x 10*kJ/kmol, AH, =
1.15 x 10*kJ/kmol. C, = 0.231kJ/kgK Fl p =
1000 kg/m?® A J v 2% H AR 1R LA RIS 1 Bt
24, HECR FF 4352 8.314kJ /kmol, 5m? /h.
B0 MR R D A  RN A A HIREE Ca01 =
3.4kmol/m?, W Ty, = 420K, i i+ 1 W
JRRLR AR L Cage = 3kmol/m?, Ty, = 380K,
HRSEBAZ. RERFEMNEYN A = 0.01h,
SR 1) R B 5 I B T (44), RS M Bz =
[CA Cp C. T] = [»Tl T2 T3 $4]T7$
fir Jy [ mel kmol kmol 300K |7, 4y A& N
w = QY. VLRI 5 RN )
B e R EARA O, SvFtRe e e Uz, u) =

lz"rl(x’u) = —ﬂj‘; *;Eéﬁl *” Z + 1 ﬁ*ﬁﬁlﬁ/‘]iﬁﬁ]\
ARU =UT = {u:u e [0,5x10°]}, RE&
AN X0 {(2h, b, 2, xh) € Ro: ol xh, ol >

€ 03]}, AT - (e o k)

AL 2 0,000 < [2,5])
L= N S ey A Al 1 8 T S W S L

¥ 1 Matlab " Fmincon K fi#. H ¥, zh &

0,2} € M eR:
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PC AL T 8 28— i 2 T 4 5Tk B A ) 4 1 0%k AR
RO A 2 i 29 W1 W) AG T AT B0 B AR SO R
[19] 577 ¢ GAMS #sk . it (3) i
HAA R RSN S 4.1377 x 10°, xz*
[1.1352,1.6973,0, 5676, 2.003], u},, =

3.3773%x10°,
z;,, = [0.9960,1.5051,0,4988,2.1003], ¥l i 15
N = 20, TP NI T AT 408, Rl
x, ¢ ¢i(x;,20) Hx ¢ ¢i+1(mf+1720)- F ) et
(23) 192 p; = L,piyn = 0, WALTHIE KN w
4.1116 x 10°, zf = [1.0953,1.6961, 0.6086, 2.0642].
i BN, P S AR Al A G R R SR AR A R
ANFEE, U L E B 1 BB AT 0% T A) A
IEEMIES R o;(z,u) = Zj.:l qj(; —3:57)2 +
r(u—ug)?, Hh, oy FoRE § 4RRASE, hRIRTT
EA ISR @ b, B 4 76 T ARG P il 2 ) A
RAA BRI A S B (LY, LY, ] = [45.42,20.8],
i C, = 50, Cy = 40, L} 1, L;:3. H
LA R N(z) = |z|, p'(x) = 3z — =],
g = 100,qo = 100,93 = 80,94 = 30,7 = 80.
v(8lz — x|) B e dle=il . W BSOS =
2406. i+ 1 BN, FFET 218 Sk fe 45 br Ok
ik (m;'k+17u;'k+1) E/‘J*%%‘@y 041‘-1—1(-'1?,71«) jjﬁﬂfﬁﬁﬁ,

BT Cao, To ZEALARFEN Jacobi HiPE, I 3CHK
I REE R AN IR 2 2 DA e W O (R N
A5 K A&AE W CL = 100, Cp = 80, LY = 2,
L, =17 X\z) 2z|, pi(xz) = Tz — x|, B
q1 = 120,¢, = 100, g3 = 100,q, = 80,7 = 80, [
HAG 5. = 9280. Kl 2 FRMTERESRFE AN I

o (x,u) (MPC), I' = ['(z,u,2400) (EMPC)
RS SE I K AE W Py (2,0, 1% f,, Z8(x5), o, 5)
BRI RN A WRERE T Bk, i s
PERESR bR N, REANRKIRE R 2 RS
RO EEBIPEREIE AR 1Y = 1 (2, u,2400) $H]F W
RGBS B, AT MPC, I
B sttt M T EMPC WK %, RGis
17 3 AN/NBFSERR 2 Bk fE (55— B %0 B ) T
oA —510.909, —510.9276, —511.0018. [[#f, 4
3, PN(["il?ﬂ']v lé+17fi+17 ZHl(mf-i-l)vavmf-i-l) il
N, RYAE BB (2r,up, ) MRS, ANE
FAFFaE, MR 6. = 9280, HsL b, 46 = 430
I O 28 AR G b & T 28 U PR AL 5 1k R 48 B 40 il
Ky U+ = ey (2, u) (MPC), 177 = [+ (z, u, 430),
I = 1 (2, u) (EMPC) i, 3 AN/ A SEZBR 2 5F
PEREXT VN —456.0674, —456.2517, —456.2519.

.
(,

1.14 T T I T 225 T T T T T
Eco = -510.9090
' \ memn Lo — 3109276 220+ ‘

1.12 i L hyt || | = = Fco=-511.0018 215 "I | | ;‘ 1|| | ‘ ' | Iy
-~ oy I LTy T WL ] N, ) b 1 ]
Epioft) Jusih b IV LY S HErT lA'in A N A TN  T
E ' i i TR W I e ST R T NN S TSR RN 'l

\ I w 1 ~ ( v
§/1'08 l.l "? ] irl." n' ‘? ! { | \ll o 205 | I ,'"“|““'I|‘ ! I| Il",' 'b'l'.l ‘||' ‘:| l'l" II|II|'| ] Y
< | H '? 1 I 200_l|| \l!,ill” ﬁ 1 bt ij |'| f ||ll. |H||||
106t I ! T o oPo)| | ;f -i", i -'H'f,u Epore T e
I\l - - EMPC 195r i L. : I ‘l b
104 1 1 Il 1 L 190 1 L ] Il 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
£/0.01 h £/0.01 h
(@) R x1(C) B (b) R x1 () Bz
(a) State x{"' (C,) trajectories (b) State x,;"! (7)) trajectories
2 (xf,uf) fEANFERGIEE T R E v
Fig.2 Stability of (i, u;) under different controller
1.10 230
: FEco = —456.0674 || =0 = O(MPC)
e FicO = —456.2517 | ===+0 = 430 225
~105 — - Fco - 4562519 |- - EMPC 220 \ "I
£ FAH ] ;
5 215Nk n
2 LS S HIH \ I
R " = 210ty ti .
< L i
U095+ igg ' ':.{l'u §
O'900 Sb 1 60 i 50 260 2§O 300 195 0 5b l(I)O 1|50 2(I)0 25b 300
t/0.01 h t/0.01 h

(@) R x1(C) B

(a) State x{"' (C,) trajectories

K3

(0) R 2/ (7) Bz

(b) State x,;*' (7) trajectories

(71, uipr) PEANRIR S T AORE Pk

Fig.3 Stability of (zj,1,uj,;) under different controller
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300
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Kl 4 R NMPC A e srng #2606 D) 3 i
Fig.4 Comparing between proposed method and NMPC

KA 2.2 5P s SeIn e, an ikl 4
Fi7R, t = 75 B RGER VNG K, U135 7] 52 R,
t = 130 ARG HAN (25) LR, ¢ = 150
NRG R, RSN EFRER. RE
3 AN SRR PERE (T — I ZI 2 n): MPC:
Eco = —483.5873, Fi$t )ik Eco = —484.9821.
R, 20 (7) B P14 R 58 Ak B2 U
Jopc ::—412307,J§ = —4.6255, itk

zu,8)

ARt MPC #m T 43.17%.
5 451

ARG T R4 s 1T i BT J A =X
(B AN W D) 80 T2 50 1k R 5 K, B 5 AN ) A XA PR
I R 3 I VR T AT IR AP EE SR R S, 3E T
FEHOE AT B vt T Pl ARAUE v AT AR A Ui A2 e (1)
EMPC J& 6h N G4 556 . 3% 77 30 i AR A sk i vl 47
HRRAS A, IR — &R Y EMPC Jayifi s hil a4y, 76
PRUE T o T8) A AR T R S At 2R 40 A A5 X [ o
v, B &M fEEIR R EMPC PERE, wl
P, BLal Rl T vk AT Rk
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