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Abstract A finite horizon predictive control algorithm, which applies a saturated feedback control law as its local
control law, is presented for nonlinear systems with time-delay subject to input constraints. In the algorithm, N free
control moves, a saturated local control law and the terminal weighting matrices are solved by a minimization
problem based on linear matrix inequality (LMI) constraints online. Compared with the algorithm with a nonsatu-
rated local law, the presented algorithm improves the performances of the closed-loop systems such as feasibility
and optimality. This model predictive control (MPC) algorithm is applied to an industrial continuous stirred tank reac-
tor (CSTR) with explicit input constraint. The simulation results demonstrate that the presented algorithm is effective.

Keywords
1 INTRODUCTION

Model predictive control (MPC) has been widely
accepted in industry for its ability to handle hard con-
straints on controls and states. It has, therefore, been
widely used in petrochemical and related industries
where satisfaction of constraints is particularly impor-
tant because efficiency demands operating points on
or close to the boundary of the set of admissible states
and controls. Worst-case infinite horizon predictive
control scheme has been studied extensively [1-3].

Time-delays usually exist in practice, especially
in process industry. And time-delays can degrade the
performances of closed-loop systems and even make
the closed-loop systems unstable. Increasing atten-
tions are paid to robust control for uncertain linear
time-delay systems [4, 5]. MPC algorithms with a state
feedback control law have been proposed [6-9] for
uncertain systems with time-delay. A finite horizon
state feedback predictive control algorithm for sys-
tems with time-delay has been presented [8]. The
movement of N free control enlarges the feasible set
of the system. But it must be solved by a nonlinear
quadratic programming problem off-line.

Nonlinear systems always exist in practice and
have been studied for a long time [10-12]. Takagi and
Sugeno’s (T-S) fuzzy model [13] has been widely used
to represent complex nonlinear systems. Several fuzzy
model-based predictive control algorithms [14, 15]
have been studied, where the issue of transient control
performance has been addressed as in general MPC.
These strategies of fuzzy model predictive control are
actually an extension of the conventional finite hori-
zon MPC. However, their stability and feasibility
cannot be explicitly addressed as those in infinite ho-
rizon MPC [1-3]. In this article, we extend the idea of
worst-case infinite horizon predictive control into the
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T-S model-based fuzzy predictive controller design.

A finite horizon predictive control algorithm is
presented for nonlinear systems with time-delay, ap-
plying a saturated feedback control law [16-18] as its
local control law. Compared with the algorithm based
on nonsaturated local law, the presented algorithm has
improved performances including feasibility and op-
timality. And also the algorithm is easy to be solved
by a minimization problem based on linear matrix
inequality (LMI) constraints on line. MPC algorithm
is applied to an industrial continuous stirred tank re-
actor (CSTR) with explicit input constraints. The
simulation results demonstrate that the presented al-
gorithm is effective.

2 SYSTEM MODEL AND PRESENTATION
2.1 System description

A fuzzy dynamic model was proposed by Takagi
and Sugeno [4] to represent local linear input/output
relations of nonlinear systems. The fuzzy model is
described by fuzzy IF-THEN rules. A T-S fuzzy model
for nonlinear discrete-time system with time-delay is
composed of 7 rules that can be represented as follows:

Rule /: If z;; is M, -~ and z;, is M,
Then X = AX +AuX_, +Bu =12, r )
X, =@,k €[-d,0]
where X € R™ is the state, ue R™ is the control in-
put, @, is an initial vector-valued function on [-d, 0],
d is a nonnegative integer denoting the known con-
stant time-delay. » is the number of IF-THEN rules,
Zyys 5 Zpg 18 the premise variables, M;,--, M, is
the fuzzy set of the /th rule. A, A, and B, are
known matrices with appropriate dimensions.
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At each time instant, the dynamic fuzzy model (1)
can be described as the following global model:

Xis1 = AXy + Ay Xy + B, 2
where A =>0,(z,)A . Ag=2.0(2)As. B, =
[

;%(Zk)B/ ) gl(zk):a)l(zk)/zr:wp(zk) s L=

p=l

[Zklzkz“'zkg]a 91(21()203 ZQI(Zk):l, a’l(xk):
=1

ﬁM,q (qu), M,, (qu) is the grade of membership
q=1

of z;, in the fuzzy set M, .

2.2 Problem formulation

The objective of the algorithm is to find the op-
timal control action subject to constraints:

Uk:[ulrvc TH U/Lz\k"l 3)

and to minimize the worst case infinite horizon quad-
ratic objective function at each time instant &:

min J; @

(=
Uy i=0

< 2 2
st. J. = max [XA + (U, ] 4a
£ =a, AL,MBM],,%; el +[uesin]ls | 420

Xirivte = PriXisik + Pageen Xeriaik +
BrsiUisir Xee = Xi (4b)

“USs U SU

where Q and R are the positive and symmetric
weighting matrices. At time instant &, only the first
computed control input Uy, is implemented and the

optimization problem (4) is repeated at time instant
k +1 with new measurement.

2.3 Some preliminaries

For a matrix Pe$"™ >0 and a positive
number y, an ellipsoid is defined as follows:

g(P,;/) = {X e R™ :XTPx < 7} . Also for a feedback

gain matrix F € 22" | the set of states for which
saturation does mnot occur is defined as:

M(F) = {x e 9™,
is the mth row of the matrix F. The ellipsoid &(P,y)
is inside [I(F), i.e. ¢(P,y)cII(F), if and only if

y P, <1, m=12n,.

me|<1,m=1,2,"',”u} , where f,

Let A be the set of n, xn, diagonal matrices
whose diagonal elements are either 1 or 0. There are
2" elements in A . Suppose that each element of A
is labeled as E;, j e [1, 2’%] and denote EJT =l1-E Iz

Clearly, E; e A.
Lemma 2.1 [17]: Let F,, H, € R"™ be given, for an
xe M\ if XeﬂlL:IH(Hl), then

sat(Fx) =
L L
Co (EjZHIF,+E;29]H,]x:je[1,2"~] 5)
I=1 I=1
where Co denotes the convex hull, 77, is a state-

2
dependent parameter satisfying 7, =0, Z;n ;=1
Jj=
Lemma 2.2 [19]: Let G be a matrix of full rank, X is a
positive matrix, when (G — X)"X™'(G-X)=0, the
following inequality holds:
G'X'G=G"+G-X (6)
Lemma 2.3 [20]: Define the set S;;.;, as
Sd(k+i\k) =Co {Vl(k+i|k)’ Y Vri(k“‘k)} , i >0.Assume that
the state X, € Syaipy» i Vjgarapys J =12 "
satisfies:
Vilhrivi) = AV + AaVaceri-ay + Bilsae »
n=1i-d<0

n=r"4i-d>0

16{1,2,"‘,}"}, m:ljz’...’ri’ { (7)

Then X, € Syksisty s Sakrisry 18 the tightest set
that contains all possible states X, of the system (2),
and the set S,y can be denoted as: S, ) =

Co {Vl(k+i+1\k)" Vo el | -
3 MAIN RESULTS

Theorem 3.1: For the fuzzy system with time-delay
(2), N free control moves [uk‘k,--‘, uk+N—1|k:| and a

feedback sat(Fx) =

Co{[E_/ZIHpr + E;ZIHpHp]x;j ef[1,2 ]}
p= p=

minimize the worst case objective function (4) if there
exist decision variables Ui » 1€ [O,N-1], G, X,

saturated control law

Yp,Zp, pe<[lLr] such that the following convex

minimization problem is feasible:
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S 1 Vi *
im > ®) NI
i f€L0,N—-11,G, XY, Z, L[, r W
e i=0 Ve Nik) X oo ¥
7 oE Voo (k+N-1) 0 W X (8b)
s.t. Ql/zvj(kH]k) I *1=0 s : o, %
Rl/zuk+i\k 0 1 | Vi, (kN -a) 0 0 - W]
) A S N-7t<0,n =1
Vi € Vertt Sy t- J €L | where V, . y_r) € Vert( d(k+Nfr)): »n. =1,
j(k+ilk) { d(k+ \k)} J [ Ng ] N-t>0 , n N, e[Ld] , Vani €
i=0,1--,N-1 (8a) Vert{sd(k+N\k)} cje[n]
i 4X * ® % * * ]
AG+B N '
,G+B,(EY, +E;Z, )+ GT+G_ X  x %
AG+ Bq(E./Yp + E;Zp)
W(A;p—i-A;q) 0 W * x |>0,
0 G 0 W * *
0 Q"?/G 0 0 yyl *
1/2 -
I 0 RZ(EY,+E;Z,) 0 0 0 pyl]
pgqe[l,r], je[l,Z""] (80)
U—u,, =0 solved explicitly. Define the following quadratic func-
i , i=0,1--N—1 (8d)  tion:
U+l =0 4
2 2 .
1z Vo = [Xesiellp + 2 Xesipels - =N (12)
{ o }:>0 (8e) i
*¥ G+G =X which satisfies:

where z,, is the mthrow of Z , .

Proof: When the control action (3) is divided into two
parts, the infinite horizon quadratic objective can also
be divided into two parts:

minJ,, i=0,1,--,N-1 9)
Uik
min Y J;, i=N (10)
Upvike j= N

. i 2 2
with i = max (Pl + el )
[AIHNAd(kH)’BkH]EQ’iBO Q R

Because the predicted states lie in the convex set
Saksiny» the upper bound of J; , je[0,N—1], can
be obtained by evaluating the maximum of this term
for each of the vertices of S, ). For VX, €
Sagk+iy » Suppose that there exist y, € 22, i=0, -,
N —1 satisfying :

||Xk+i\k||é +||uk+i\k||2R <7, i=0,N-1 (11

7; is the upper bound of J; . Apply Schur comple-
mentation, the inequality (11) is transformed into the
LMI (8a).

The optimization problem (10) is an infinite ho-
rizon min-max optimization problem, so it can not be

2 2
Viksit) = Vikgesiy S _[" X(k+i|k)||Q +||u(k+i|k)||Rj|v
iZN (13)
When the system is asymptotic stable, X, =0, also
V,=0. When (13) is summed from i=0 to oo,
ZJ,i < Vik@+wnp - The upper bound of ZJ,’( can

i=N i=N
not be computed directly. y, is the upper bound of

Z J; when there exists y, € 9% satisfying:

i=N

2
s <7y (14)

d
2
||Xk+N\k "P + Z" Xjes N—rlk
=1

The inequality (13) implies that AV, . =V, . —
Vieg <O, ViZN IV S yysthen Vi S v
i= N . Because S=0, V,,;, Syy, i= N implies
Xeap €€(PLy), i= N, e(P.7)={xeR™[X"Px<

7} is an invariant set. Let feedback gain F, e,
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p €[l r] be given, if there exist H, € 2" pell,r], such that ¢(P,y)c ﬂ;:IH(Hp), then for the fuzzy

system (2),
r L

sat(Fx) =CO{[Ej29pr + E;ZepHpr;j e[1,2m ]} (15)
p=l1 p=l1

The closed-loop system is described as follows:
Xirivte = Prri Xk + Patierny Xkrizapey T Brailesin

r r 2"
- Zlep {Apx,mk + Ay Xeian + sz;ng;nf(Ef F,+ E‘;Hq)xkﬂ.k}
p= q= J=

2" 7 r

=2.1,2.6,2.9, {[Ap +B, (E,F, + E_;Hq)] s + Agp Xkﬂ‘—d\k}

Jj=l p=l g=1
S P g +5 A, +A
FS P ( dp dq)
= Jra Jjap .
- 277] Z gp Zﬁq {(—2 j Xiwip T > Xivizdlk |> i=ZN
Jj=1  p=l ¢=l

=A,+B,4, . 4, =E,F, +E;H_ . The inequality (13) becomes

=
where = jpq P p*iiq

Vivieik = Vi + (||Xk+i\k ||é + "Sat(uk”'k )||2R )

T
o X . — —
. +=, A, +A
_ Jpq Jap dp dq
= Z U Z 0, Z 0, [ Xiesile T Xivi-dlk ) %
J=1 r=l  g=l 2 2

" T "
2 ' r 2 ' r 2 2 2 2
Z’Ij 0,4, % | R Upz OuA s Xy itk _||Xk+i\k||P +||Xk+i|k "s —" Xk+l>d\k||s + " Xpvilk "Q
‘ -1 5=l

j=1 p=l P
< S S 2] N P Equ +5 jap Adp + Adq ’
= 277/‘ pz ] - — Xk + > Xivicape || ¥
J=1  p=l gq=1 p
&L A 2 2 2 2 2
15 25 0, [ Aip Xk =Xl + Ko g =[Xesicane | +[Xesan
Jj=1 p=1
- . _ B ~
. +5. =, +5.
Jipq Jjap Jipq Jjap
P -P+S+ N
T 2 2
2 r r Xk+i‘k . Xk+i|k
=2.1,2.0,2.9, Q+4;,R4;,
JE = R T4 _ T oA LA Xie+i-dlk
Adp + Adq p ‘:.IP‘I +‘:’jqp Adp + Adq p dp + dg S
L 2 2 2 2
. T[ =T o T
2" = - — y X *
a C 0 Xivilk EipP&p —P+S+Q+4,,R4;, Xi+ilk
_Zﬂj Pl Xy i Al ps ATPA s | X +
j=1 p=1 +i—d| dp ™= jpp \dp \dp +i—d)|
- = B B ~
=, +.5. . +5.
Jirq Jap Jirq Jjap
P -P+S+ .
. ) T 2
. o “
k+ilk T k+ilk
22 i Z %%, |:xk+i—dk } Q+ApR4; {xkﬂ_dlk }
J=l' p.g=l,p<q T g oL.g A LA
(Adp + Ay j p Zira T = jap (Adp + Ay j p D T g o
2 2 2 |
<0

When both of the two following inequalities are satisfied, the inequality (13) is satisfied.
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Eop+ 5 ) Eipg t Ejgp T
St | p _P+S+Q+A RA,
5 ) ip jp

T = =
Ay + A, P = jpg T = jgp
2 2

The inequality (16) is equivalent to the following
inequality:

(17)
Apply Schur complementation, the above inequality
becomes

4p~! * *
g . +5.,) P-S-Q-A'RA, *|=
(Zing + Ejap) Q-A'RA, *[=0(18)
(Adp+Adq)T 0 S

Define X =y,P™, W=y,8",Y,=FG, Z, =
H,G and T, =diag[l G W]. Multiply both sides
of inequality (18) with y, , pre and pro mult]iply both
of the sides of the inequality (18) with T, and T,
respectively, apply Schur complementation and apply
Lemma 2.2, the inequality (18) is transformed into the
inequality (8c).

Because X, vy € Sqgeanip) » Xesn—r € Sagken-o) >
re[l,d], Sypinp and Sy v,y are convex sets, the

inequality (14) is equivalent to

d
T T
Ve v PV ks v + Zvn,(kJrN—r)\k SV, (keN—elky S Vw

=1
(19)
Apply Schur complementation, the inequality (19)
becomes the LMI (8b).

Because the control action is divided into two parts,
the control input constraints are considered as two
parts. First consider the parameterized control moves
Uy » 1 €[0, N —1] then the control input constraints
are equivalent to the LMI (8d). When i = N, because
X €€p(Pyy) © [I(H), i=0, the input constraint
|mek+i‘k| <1 is equivalent to fm(P/]/)_1 fl<1.
Apply Schur complementation, the following inequal-

ity is satisfied:
1 f,
£ p >0 (20)

<0,p<gq (16)
Adp + Adq ~

T
Adp + Adq P
2

2

Define T, =diag[I G], pre and pro multiply both
of the sides of the inequality (20) with T2T and T,
respectively, the inequality (20) is transformed into:

1 *
L 1>0 21
L;,m G'X IG:I
where z,, =f,,G, z,, is the mth row of Z ,. Ap-
ply the Lemma2.2, the inequality can be transformed
into the LMI (8e).

Theorem 3.2: When the optimization problem (8) is
feasible at time instant k, the problem (8) is also feasi-
ble at time instant £ +1, the receding optimization of
the problem guarantees that the close-loop system is
stable.

Proof: (1) Feasibility. In the optimization problem (8),
only two inequalities (8a) and (8b) are related to the
measured  states X , X y_o » 7 €[1,d] explicitly.
Here it is necessary to prove that when the inequalities
(8a) and (8b) are satisfied at time instant &, they must
be satisfied at time instant & +1. X, € Sy, Xy =
A X + A Xy + Bl s Xppipsn € Saraip) - When
the inequality (8a) is satisfied at time instant £, it must
be satisfied at time instant £ +1. It is satisfied at time
instant k+i, i = 2 too.

From the inequality (8b), X;N‘kka+N‘k+

d
Zx,LN_T‘kSX“N_le <y, . The inequality (13) im-

7=l

d
~ T T
plies that X, PXe i + D Xewrstoe SKesiniope <

=1

d
T T P>
X vilk ka+i|k+z Xierizele SXperimele » 1= N 5 Xeyipqpesn €

7=l

Satkrisii) » Xicsivi—clkr1 € Sa(krisi—tlk) - Then

d
T T
Xies ikt PXeriipest T Z Xiristoelost SXpsivl-cesl <IN -
=1
When the inequality (8b) is satisfied at time instant £,
it must be satisfied at time instant k£ +1. It is satisfied
at time instant k+i, i = 2 too.

(2) Stability. If the optimization problem (8) is
asible at time instant k, there exist optimal solutions
u*‘k’ UZ+1|k." o u/t+N.—1 H G* ’ Y* s Z; ] *W * and Opt!_
al objective function values 7f ,,--% 7} ,, the feasi-

ble control be Selécted  as

moves  can

r

Ui+ U n—ije - Sat z O Fip X N1 with
p=1

F, =Y,G™! at time instant kK +1. Suppose that the
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objective function valve is y,,, when the above feasible
control moves are used, then

Vi Z Vi +Tio (22)
Suppose that the optimal objective function value at
time instant k+1 is y,,,, then
Vi = 7k+1 (23)
From the inequality (22) and (23), the following ine-
quality is satisfied:
Vi = Vi (24)
7/,: is shown to be a decreasing Lyapunov function of

the closed-loop system, the closed-loop system is stable.
Algorithm 3.1: (1) initialize X, , X,_,, 7=1,---d ,
Hl(zk)’ le {1,2>>L}:

(2) at sampling time k solve (8) and get the op-

tlmal variables 7*, G* X" Y Z;, pef{l,2,--- L},

W and u,m‘k,le[O N 11;
(3) compute X,y = A Xy + Ay Xe_gi + By UZ\k ;
(4) set k=k+1, and go to the step (2).

4 CONTINUOUS STIRRED TANK REACTOR

Consider a CSTR in which the first-order irre-
versible exothermic reaction A — B occurs [4]. The
reaction process is shown in the following figure:

q T CA0—¢
—> C, T

9. T.

\4

Figurel CSTR

The material and energy balance equations are

VdCA=,1qCA0+q(1—/1)CA(t—a)—
C,()-VK, £ t
qCx (1) = VK exp| ——— RT(0) Ca(0)

chdg =qcp[ATy + (1= DT (t—a)-T(0)]+

V(-AH)K, exp{ £ }CA(z)—U(T(z)—Tw) (25)

RT (1)

where C, (t)=¢(t), T(t)=¢,(¢) for t €[-,0]. The
objective is to control the concentration of 4.

The above material and energy balance equations
are reduced to dimensionless form using the notation:

_Cao—Ca(® _I0O-%,(_-E
xl(t)— Cro > xz(t) T, (RT(I)J’
_Cro =0 6O -T,( -E
Hl(t)_—CAo , O,(0)= T, (RT(t)]’

17, No. 1, February 2009 105
t 14 a E
lew == V=—01, T=—, 7

v gl v RT(t)

Uv (-AH)C
D, =Kgvexp(-7y), f= > AD
Vep cply R
T, —T. -E
u(t) ===
T, RT(¢)

Define x(t) =[x,(1) %, )], f;(x)= _71)61 (t)+D,[1-

t
% 0] xp(ﬁ] - 50T )m0s
HD, (1—x1<r>)exp(—l+jjg)) %j, 50=6) . 1

[-7,0], i=1,2 then CSTR process can be described
in the following dimensionless forms:

xl<r>=f1<x>+[%—1jxl (t-1).

)'cz(t):fz(x)+(%—ljx2(t—r)+ﬂu

and the linearization model of the above nonlinear sys-
tem at the steady state point (xs , us) is given as follows:

>'<(t):A(xs,uS)(x(t)—xS)+A( sut)(x(t-7)-

)+B(X U) [xl xz]
fof, of, |
Al w)=| 4 ai} (x)
1 T
~ A 1-x (1+x§/}/0)2
Hx;} 1 Hx} ’
- _(I+ﬁ)+(1+xs/l y
L 2/70) |
1
—-1 0
A 0
Ad(x‘,u‘)— , B(xs,us)=[ }
0 %—1 P

Let the sampling time AT, the discrete model is given:
Xp — X :(A(XS,US)AT+ I)(Xk — XS)+
Ad (XS,US)AT(Xk_d — xs)+
B(x",u')aT (u; ~u’)

where d =7/AT . There are three steady states when
u=0, they are x' =(0.1440,0.8862), x* =(0.4472,
2.7520), x* =(0.7646,4.7052) . In this simulation, the
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parameters are given: y, =20, H=8, =03,
D,=0.072, 1=0.8, 7=04, AT=0.2. If the ex-
pected operating point (Xe, Ue) is given, the T-S
model of CSTR is described as follows.
Rule 1: if x, is about 0.8862, then
Xpi = AX + Ay X g + Bl
Rule 2: if x, is about 2.7520, then
X1 = Ao Xy + Ay Xi_g + By,
Rule 3: if x, is about 4.7052, then
X = AXy + ApsXp_g + B3,
where X, =X, —X,, X;_; =X;_; — X, U, =U, —U,

e

The membership functions are shown in Fig. 2.

1p=mmmos R

Figure 2 Membership functions

The weight matrices are Q =[2 0; 0 2] and R=0.02.
The control input satisfies the following constraint:
|lu[<2. x, =[0.4472;2.7520] is an expected operat-
ing point. Here the presented algorithm is compared
with the algorithm described in Ref. [9] and with the

{ 0.7145 0.0151} { 0.5898 0.0792} algorithm with non—satur[ated loc]al control law. When
1= » A= ’ the initial state is X, =|0.6;3.4|, the algorithm de-
0.2838 0.8112 12801 1.3234 scribed in Ref [9] is infeasible, whereas the presented
0.0944 0.0633 algorithm and the algorithm with nonsaturated local
5 :[ } control law are feasible. Simulation results of both
—5.2446  1.1967 feasible algorithms are shown in Fig. 3, solid curves
005 0 denote the results of the presented algorithm, and the
A =A. =A.=|" dot-dashed curves denote that of the latter. From the
a1 a2 <3 0 005/ Fig. 3, the closed-loop state responses can converge to
the expected operating point, and the response speeds
B B -B. 0 of the closed-loop system are similar; the control in-
=275 006 | puts satisfy the constraints, and the control input of
the former can reach the saturating limit; the optimal
0.6 1.0 35
0.5 Sl
0.5
25 [
0 f
: 20
=04 r s 05+ ‘g 'I
i csn
-1.0 :
0.3 —\\ j o
-1.5 5 -“
0.2 1 | | -2.0 I I 1 e ! ) L
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
k k k

Figure 3 State responses, control input response and optimal objective function value x, =[0.6; 3.4]

_06F
=04t
0.2 1 | 1 I 1
0 10 20 30 40 50 60 70 80
4 P~
<'3r
2 -
1 I L I T I I
0 10 20 30 40 50 60 70 80
2
s 0F
-2 1 1 I 1 I 1 I
0 10 20 30 40 50 60 70 80
k

Figure 4 Closed-loop control performance
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objective value of the former is evidently less than
that of the latter and the optimality of the system is
improved. When the initial state is X, =[0.7; 4.2], the
algorithm described in Ref. [9] and the algorithm with
nonsaturated local control law are infeasible, whereas
the presented algorithm is feasible. The presented al-
gorithm has a larger initial feasible set. When the de-
sired operating reference of the closed-loop system
under stepwise changes from [0.7; 4.2]to [0.6420;
3.6050] to [0.5012; 2.9450] to [0.2503; 1.8120] and
then to [0.4472; 2.7520], the closed-loop state re-
sponse via the presented algorithm follows the ex-
pected reference very well in Fig. 4.

5 CONCLUSIONS

An improved fuzzy predictive control algorithm
applying saturated local control law is presented. It is
a receding minimization problem based on LMI con-
straints. The stability of the presented algorithm is
guaranteed as long as the minimization problem is
solvable at the initial time instant. And the presented
algorithm improves the performances of the controlled
systems such as feasibility and optimality. The con-
strained CSTR problem is considered, the simulation
results support the applicability of this algorithm to
industrial problems.

NOMENCLATURE

Ca(f)  concentration of chemical A

Chao feed concentration

Co convex hull

c specific heat

E/R ratio of Arrhenius activation energy to the gas constant
—AH  heat of reaction (positive)

Ky reaction velocity constant

ny, n, dimension of x, u
q feed flow rate
T() reactor temperature

Tw average coolant temperature in reactor cooling coil
To feed temperature
U heat transfer coefficient times the surface area of reactor

U,y control inputat time k +i , computed at time k with X, = x;
Vv reactor volume
Vik Lyapunov-Krasovskii function

vert vertex of the convex hull

Xy  Stateattime k+i, predicted at time &

o recycle delay time

A coefficient of recirculation satisfying A €[0,1]

p density
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