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ABSTRACT For the input and output constraints and uncertainties in batch processes, a 2D output feedback
robust constrained model predictive control (MPC) method is designed by combining iterative learning
control (ILC), MPC and output feedback. Firstly, an equivalent 2D-FM closed-loop prediction model is
established by combining with the proposed output feedback controller. Then an optimization performance
index function with terminal constraint is constructed to study its control optimization. According to the
designed optimization performance index and Lyapunov stability theory, the feasible MPC problem is
obtained by solving the linear matrix inequalities (LMIs). At the same time, the gain of the new output
feedback control law is given to ensure that the performance index reaches the minimum upper bound under
the constraints of input and output. In order to solve the manual adjustment problem of some parameters in
the performance index function, the particle swarm optimization (PSO) algorithm is introduced, and a better
solution is found near the controller by using the search optimization method. Finally, taking the injection
molding process as an example and comparing with the existing method without using PSO algorithms, it is
proved that the above method is more feasible.

INDEX TERMS Batch processes, input—output constraint, iterative learning output feedback predictive

control, particle swarm optimization algorithm.

I. INTRODUCTION

In the past 50 years, in order to adapt to the develop-
ment of industrialization, the control technology of the
chemical industry’s production process has made great
progress [1]-[7]. The process targeted by the research results
is roughly based on continuous processes and batch pro-
cesses. The early design of control technology was obviously
based on a continuous process. Such as PID control, adaptive
control, etc., [1]-[6]. During the research process, it is discov-
ered that the products produced by some types of chemical
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production processes are typical batch production processes,
whose characteristics are significantly different from the con-
tinuous process, such as multiple time-varying characteristics
in injection molding processes. Following this, new control
technologies are constantly being proposed. It is roughly
divided into two stages of development: iterative learning
control(ILC) stage [7]-[9] and two-dimensional(2D) control
algorithm stage [10]-[11]. ILC is a good choice for repetitive
process controller design [12]. But due to the changes of
environmental factors and operating conditions, especially
the chemical batch process can not be well repeated, that is,
it has a certain degree of non repeatability (or uncertainty),
single ILC is no longer applicable. In order to deal with the
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above problems, a 2D control algorithm combining feedback
control and ILC was proposed [13]. Reference [13] first
proposed the batch process control algorithm to ensure two-
dimensional stability. At the same time, it also proposed the
general method and idea of feedback control combined with
ILC under the framework of the two-dimensional system
theory. Many results are currently available [11], [14]-[16],
including system control under normal conditions or in case
of failure.

With the deepening of scientific research, people have
found that model predictive control (MPC) is well-applied
in industrial processes because of its ‘“‘receding optimiza-
tion” ability, especially in processes that cannot be accurately
modeled. Based on the advantages of MPC, the combination
design of ILC and MPC in a 2D framework was very mean-
ingful for batch processes [17]-[26]. In these designs, the
design of combining ILC and MPC was included [17]-[22],
as well as the design of feedback control combined with ILC
and MPC [23]-[28]. The control strategy combining feed-
back, ILC and MPC was proposed [23], multi-step prediction
in the time direction and batch direction was given, and it
was verified that multi-step prediction in the batch direc-
tion could further improve the convergence speed. A feed-
back control based on iterative learning predictive updating
law was constructed and the ‘worst’ case linear quadratic
function was also designed. Optimization of the controller
was obtained using the worst-case objective function along
the infinite moving horizon [24]. A two-stage optimization
method was designed to reduce the sensitivity of the method
to nonrepetitive disturbances, and a 2D Lyapunov function
was used to ensure the robust stability of the system [25].
Reference [26] extended the method to nonlinear systems
with unknown nonlinear inputs. Moreover, the predictive
control results of multi-stage batch process models have also
appeared [27], [28]. Most of the above researches are based
on state feedback. However, in the actual production process,
the state of the system is often not easy to measure directly,
or due to the economic and usability limitations of the mea-
suring equipment, the state feedback can not be realized
physically. Therefore, the relevant control methods for out-
put feedback have attracted attention. At present, there have
been many achievements in the research of robust predictive
control with output feedback [29]-[31]. For linear systems
with norm-bounded uncertainties and disturbances, a new
state estimator was designed by using the output feedback
robust MPC method, and all the parameter matrices were
optimized online, which improved the control performance
of the system [29]. The Lyapunov matrix without structural
constraints was chosen, and an iterative cone complementary
approach was adopted to optimize the control law parame-
ters [30]. In actual industrial processes, due to the limita-
tion of physical conditions or safety reasons, the input and
output variables often have constraint conditions and cannot
be infinitely valued. The existence of constraints seriously
affects the control performance. How to address the con-
straints in complex industrial systems is very important to
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improve the safety and efficiency of production. When the
controlled process is constrained, if the unconstrained control
technology is used, the calculated control effect will not only
reduce the performance of the closed-loop system, but also
cause the instability of the system. Especially in the case of
multi-variable control, how to deal with various constraints in
the control system quickly and effectively is very important
work in industrial process control. For the problem of output
and input constraints, it is usually converted to the linear
matrix inequalities (LMIs) [32], [33].

Because the essence of predictive control optimization is
to achieve optimization by manually adjusting the param-
eter variables of the performance index, which is not in
line with today’s high efficiency and high precision control.
It is urgent to find an intelligent optimization algorithm to
optimize control systems. As an intelligent search algorithm,
the genetic algorithm has strong advantages in batch process
optimization. In the description of the optimization problem,
only a simple expression of the target is needed, the operation
object is the coded population individual, and the target has
no continuous and differentiable restrictive constraints, which
reduces the processing difficulty in the problem [34], [35].
Compared with the genetic algorithm, the particle swarm
optimization (PSO) algorithm [36] has the characteristics of
simplicity, fewer parameters, easy implementation, no cod-
ing, fast convergence, etc., and has been applied to many
engineering fields [37]-[39]. However, few scholars have
used the PSO algorithm to optimize control parameters in the
field of batch process control.

In this paper, a 2D output feedback robust constrained
MPC method for batch processes based on PSO is proposed
under a 2D theoretical framework. The advantages of this
method are as follows: (1) In the framework of 2D system
theory, combined with ILC and MPC, the controller with
extended information is designed, which has better tracking
performance and robustness, stronger resistance to system
uncertainty and external interference. (2) Considering the
output and input constraints and the unmeasurable state in the
actual production, the output feedback controller achieves its
control goal and satisfies the actual production requirements.
(3) A PSO algorithm is used to search for a better solution
near the traditional controller, which makes up for the influ-
ence that some parameters of the performance index function
may not be optimal due to manual adjustment. Finally, the
feasibility and superiority of the proposed method are verified
by modeling and simulation. Compared with the existing
results, the control effect obtained based on the method pro-
posed in this paper is indeed better.

Il. PROBLEM DESCRIPTION AND THE ESTABLISHMENT
OF A NEW STATE SPACE MIODEL

A. PROBLEM DESCRIPTION

For batch processes, a normal-bounded uncertain 2D system
model is established based on the state space model for
the controlled object. The following discrete time repeated
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processes with uncertain parameter perturbations is considered:
x(Ty + 1, T) = [A + AA(T}, Ti)Ix(Ty, Ti)
+[B + AB(T;, Ty)]

u(Ty, Tee) + v(Ty, Ty) @)
y(Tt7 Tk) = Cx(Tlv Tk)7 O S Tl E Tp
x(0, T) = x(0), Tty =0,1,...;

where T; is time; T is the batch index; x(T;, Tx) € R,
YT, T) € R, uT,Ty) € R, and u(T,,Ty) €
N are the state, output, input and disturbance signals of
batch Ty at time T;, respectively; and {A, B, C} are con-
stant matrices with appropriate dimensions. AA(T;, Tx) and
AB(T;, Ty) represent the uncertainty of the system param-
eters, and it is assumed that they have the following struc-
ture: [AA(T;, Ty), AB(Ty, Ty)] = EA(Ty, Ty)[F1, F>], where
E, F1, F, are constant matrices with appropriate dimensions
and A(T;, Ty) is the unknown parameter perturbation that
satisfies AT(T}, TO)A(T,, Ty) < 1.

B. EQUIVALENT 2D SYSTEM REPRESENTATION
Let x(Ty + |1y, Ty, + m|Ty), y(T; + U|T;, Ty + m|Ty), and
w(Ty + I|T;, Ty + m|Ty) denote the predicted values of the
state variable, output variable and input variable at time 7} of
batch T}, respectively.

For the uncertain system model presented in (1), the ILC
strategy is adopted to design the following controller:

w(T; + U|T;, Ty + m|Ty)
= (T, + Ty, Tx +m — 1|Ty)
+U(T; + 1T}, T + m|Ty)
u(Ti|Ty, Te| Tr) = w(Ty, Tx)

I,=0,1,2,...,T,; ,m=0,1,2,..., (2
where U(T; +I|Ty, Ty +m|Ty) € %™ represents the iterative
updating law to be designed at time 7; of batch T}, and
U(Ty|Ty, Ti\Ty) = U(Ty, Ty). u(Ty, 0) represents the initial
value of the iteration.

Introduce a variable Y, where T can be an input, an output,
a state variable or other correlated variables. Let Yp ) =

Y (T; + h|T;, Ty + —*|Ty). The output tracking error of the
system is designed as follows:

€lom = Yl,m — v (1) 3)
where y,.(T;) is the set-point trajectory for each cycle. The
error function in the batch direction is defined as follows:

Of = Olim — Olm—1 “)
where o can be an input, an output, or a state variable, and
Um= ufm From (1), (2), (3) and (4), we can obtain:

[A+ AAl,m]xim +[B+ ABl,m]Ul,m + ﬁl,m 5)
el+1,m—1+ C{[A + AAl,m]xim
+[B + AB;w]Upm + Upm} (6)

e —
Xtim =

€l+1,m
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Upptm = [AAm — DA 1 1x1,m—1
+ [ABl,m - ABl,m—l]ul,m—l + Uim @)

When vy ,, = 0, it is a repetitive disturbance; otherwise, it is
a nonrepetitive disturbance.
A new state variable is introduced as follows:

-1
)_(l,m = Zen,m )
n=0

An extended equivalent 2D system is as follows:

Ri+1,m = [A1 + AA N Xim + A2 X1 m—1
+[B1+ AB11U;;m + D10y
€l m—1
yle,m = Xl,m +em | = G)Zl,m, )
€l.m
1<T, =T,
Xx©0,Ty)=0, Ty=0,1,...;
1=1,2,3...; m=1,23...
where
X m A 0 0
im =\ fim |- A1=| 0 I 1],
| eim CA 0 0
[0 0 0
Ab=10 0 0],
(0 0 1
"B I —-C I 0
Bi=1|0 , D=0 ], G= 0 I I\,
Ke; c 0 0 I
AAy = EN(T,, TOF),  ABy = EA(T,, To)F>,
E=[E",0,(CE')", F\=[F,0,0], F,=F,

When only the output can be measured in the process,
based on the above 2D output feedback ILC framework, the
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FIGURE 1. Output feedback structure diagram.
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following controller can be designed:
Xyt = ActX] y +ARX[ 1 o1+ Bel]
+ B2yt m—1 (10)
Unm= Cclxlc,m + Cc2xlc+1,m_1
+ Dcl)’im + Dc2}’1€+1,m71
where xl"’m e W% t2b s the internal state of the controller
and {A¢i, Bei, Cei, Dei}i=1,2 is the appropriate dimension con-

troller parameter. Let Zj41,, = Xl+1’mi|. When (10) is

xC
I+1,m .
substituted into (9), the 2D control system is obtained:

Zivim = (A1 + AADZw + A2 Zi4 1 1
+B1 + AB)U + DUy

_ (1)
yimZGZl,m
1=1,23....m=1,2,3...
where
- A o _ [aA 0] - _
Al—_Bch Acl]AAl_[ 0 0i|—EA(Tt»Tk)F1a

-] A 0 = [B1] s _[AB
= EA(T;, Ty)Fa,

B } Fi=[F o]

Py = s, D:[Dl] G=[G 0]

lll. PSO-BASED 2D OUTPUT FEEDBACK ROBUST
PREDICTIVE TRACKING CONTROLLER DESIGN

A. PERFORMANCE INDEX FUNCTION

According to the characteristics of the batch process, it can be
divided into repetitive interference and nonrepetitive interfer-
ence. Therefore, the definitions of the performance indicators
are also different. When the interference is nonrepetitive
interference, in infinite time domains and, the “worst” case
indicator at time of batch of the uncertain system is defined
as follows:

min  maxJoo (T}, Ty)

Uim,l.m=0  [A B CleQ
0o 00 N—-1N-1
Joo T T =) Y lim=D_ D b t+Vin(Zw.n)
=0 m=0 =0 m=0

(12)
where V,,(Z; ,) is called a terminal constraint and
Lim = melez,m + Z[il’mleZZl—i-l,m—l
+ UL RULm — (V) Oy O1m
The constraint condition is as follows:
Zisim = (A1 + AADZp i + AsZp 1 m—1

+(By + AB)Ujm + DOy
[=1,23...; m=1,2,3...
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(13)

{ [Urn]| < 1
AV

where Qj,(0>,R is the corresponding weight matrix;
y > 0 and ry,, y, are the upper bound values of variables
Upm and yf ,, respectively; [ABC] € Q; and Q denotes
uncertain sets.

B. STABILITY ANALYSIS AND CONTROLLER DESIGN

OF A 2D SYSTEM

To solve the optimization problem in (12), a new predictive
law (10) is designed with predictive control theory, and the
robust stability of the system is studied. Under controller (10),
the closed-loop prediction model can be expressed as follows:

Zivtm = (A1 + AA| + B1Y) + AB Y1) Z;
+ (A2 + B1Ya+ABY2)Z141 -1+ DU

_ (14)
yle,m = GZl,m
[=1,2,3...; m=1,2,3...
where Y| = [Dch Ce ] , Y = [DC2G CCQ].

The Lyapunov function is defined as follows:
V(Zl,m) = Vh(Zl,m) + Vv(Zl,m)a
ViZim) = Z8 WP\ Zim = Z] 0Ly Zy
ViZim) = Z} P2 Zm = 201 Ly ' Ziw (15)

where P, P are positive definite matrices to be determined
and satisfy:

aP1+BPr <P, a>1,B>1 P>0, P=06,L7",
al7' + L7 < 17! (16)

To ensure the robust stability of the system and the solvability
of optimization problem, the following Lyapunov inequality
constraints are required to hold:

Vh(Zl+1,m) - Vh(Zl,m) + VV(ZI—H,m) - Vv(Zl—H,m—l)
= - [Zlelel,m + Z[Z}melQZZl+l,m—l
+ U/, RUm — (V)zﬁf,mﬁz,m] (17)

For the closed-loop prediction model in (14), it is assumed
that there are a series of initial conditions, there are two

positive integers 77, K,,,, and
ZTi+1,T)=0, I=>s1; Z(T;, Ty +m) =0, m > s

where s1 < oo and s, < oo are positive integers, and
the corresponding Z(T; + [, Ty) and Z(Ty, Ty + m) are the
boundaries of the time direction and the batch direction,
respectively. s = max {sg, s2}.

By superimposing

Vh(Zl+l,m) - Vh(Zl,m) + Vv(Zl—H,m) - Vv(Zl+l,m—1)
< - I:ZITmQIZl,m + 2/ w102 Zi 11

+UL RU — (y)zof,mol,m] (18)

VOLUME 10, 2022



W. Zhang et al.: PSO-Based 2D Output Feedback Robust Constraint MPC for Batch Processes

IEEE Access

from [,m = 0 tol,m = oo, the following inequality is
obtained:

max Joo(Ty, Ti) < sV(Z(T, Ty)) < 0

where 0 is the upper bound of Joo (T3, T).

Lemma 1 ([40]): For the given matrices W, L and V with
appropriate dimensions, where W and V' are positive definite
matrices, then

LTVL -w <0 (19)

if and only if

-w LT —y-!
<0 or

L —v! LT

Lemma 2 ([41]): Let E, F, D and M denote real matrices with

appropriate dimensions and M satisfy M = M ; then, for all
FTF <1,

L 0 (20
=0 @

M +DFE +ETFTDT <0 (21)
if and only if there exists £ > O such that
M+&e'DDT + ¢ETE <0 (22)

Theorem 1: Assume U(T;, Ty) = 0 holds. For given positive
definite matrices Q1, Qy € RO=HWX0utl) and R € R,
and positive numbers « > 1,8 > 1, the 2D-FM system
in (11) is solvable if there exist positive definite symmetric
matrices X > 0,Y > 0,P > 0,51 > 0,5, > 0, appropriate
dimension matrices Kci, Eci, (i’ch 561(1' = 1, 2), and scalars
& > 0 and 67 > 0 such that the following LMIs hold:

Q11 012 O13 |
* O 0 <0 (23)
* *  Op5 |
aS1 + BS, < Iy 24
=1 Z(T| Ty, Ti|Ty) |
[ " _p-1 <0 (25)
—rplar 0 Tl ]
x  —r2ls [[s | <0 (26)
* * -1 |
{_y’z"Pl “ <o 27)
* -1
where
[ —T1;; T, g3 0 0 0
O = * =851 0 |,0p=|TIn 0 I
E x* —S 0 TIlzp II33
[0 T
Op =TI 0 |,
| M3 0

VOLUME 10, 2022

C-0,07" 0 0
O = * —91Q2_1 0 ,
| * * —91R_1
[—el 0
O15 = |k —8_11i|
_[x 1} IT.=| 4 +B1Ce1 A1 + B1DoiG
11 _I Y 12 Al YA; + BoG
. A2X +BiCsy Ay 4 BiDG 1—[ _|:X1:'71|
13 Ae> YAy +BoG | T LE L

I
I1
X M
1_[21 St H22:H32:[1 O:|’
M~ - T
l_[23 = _Ccl Dch] ’
l_[ = :ﬁ1X+ﬁ26cl F1X+I32f)ch]T
— . T
l_[31 =52, 1_[33 = [CCZ DCZG] )
I1

r N o~ T
= #Ce B2DG]

34

IfX,Y, Xci, 1§C,-, 6Ci, l3ci(i = 1, 2) are the feasible solutions
of matrix inequalities (23)-(27), then the parameters of con-
troller (10) with output feedback can be designed as follows:

Di = D;

Cei = (Cei — DaGX)YMT)™!

BciZNil(Eci_YBchi) (1 = 1’2)
Aci = N"Y(Aei — YAX + YB D,iGX +
NB.GX + YB CoMTY(MT)™!

(28)

If M, N are full rank matrices that satisfy the condition XY +
MNT = I, then they can be obtained by a singular value
decomposition of the matrix I — XY .

Proof: When u(Ty, Ty) = 0, in infinite time domains
[T;, 00) and [T}, 00), the “worst’ case indicator at time T; of
batch Ty of the uncertain system is defined as follows:

min  maxJoo(Ty, Ty)

ULmsl’mZO [A,B,C]e2
oo 00 N—1IN-1
JoT T =Y lim= Y>> Llim+ VaZyN)
=0 m=0 1=0 m=0

(29)
where
Cm =2{ 01 Ztm +Z]\ 1y 1Q2Z1 111 + U/, RULy
The increment function is designed as follows:

AV(Ziv1,m) = AViZiy1,m) + AV(Z41,m)
= VilZis1,m) — Va(Zi )
+ Vv(Zl+l,m) - VV(ZI—H,m—l)
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V(Zim) = VilZim) + ViZim)
VilZim) = Z[' P\ Ziow = Z] 01 LT Z1m
VilZim) = 2] PoZiw = 2,01 L5 Z1
AViZis1m) = 2y P 1 Zivvm — 2] P\ Z1m
= 2]y L) Zirm = 2000 LD Zim
AVy(Zit1,m) = Z[E_LmPZZl+l,m - Zlil,m_lezlﬂ,m—l
=Z/ 1 b1 L) Zigim
— 2/ 10 L) Zip (30)

The following variables are defined as follows:

Zl,m
¢l,m = ¢((T; + UTy, T +m|Ty) =
Zit1,m—1

The sufficient condition for the robust stability of the closed-
loop system in (11) is the existence of some positive definite
symmetric matrices P, Py, P, that make (31)true,

VilZi+1,m) — VilZim) + VivlZis1,m) — VvlZit1,m-1)
=2 P+ P)Z1grm — 2] P\ 21w — 2 P2 Z1
Zl o PZivm — 2P\ Zim — 2 P2Z1
- I:ZleQlZl,m + Zﬂl‘m,leZzH,m—l + U]TmRUl,m:I
31)

IA

IA

Eq. (31) can be translated into

Y <0 Y <0 (32)
where U = Y1Z i + Y2Z1 41 m—1-
v=doLa-dor'd - del'd +d ol
+od Qo] — ¢ Ref
¢ = [A1+AA 1 +B1Y1+AB Y1 Ay+BiY2+AB Y, D]
o=[ 0 0]. a=[0 I 0],
§4 = [Yl Y2 O]

Applying Lemma 1 and Lemma 2 to (32), we obtain

©21 O O3
¥ O 0 | <0 (33)
* ¥ O15
where
[—L~' L7'(A| +B1Y)) L7'(A, 4+ B1Y»)
Oy = * —L;l 0 ,
S * —L;l
00 0
On=|10Y],
01 Y]
i 0 L7'E
Or3 = FlT—i-YlTFzT 0
YIET 0
8414

- Y . X M
Let L~ = P,P = [NT%]P* = |:MT K:|,A1 =

|: AfI(T é] Multiplying (33) on the left by [_\IT =
diag(AT, AT, AT I1,1,1,1,1) and on the right by Ay,
we can obtain:

O3 O3 O3
% @14 0 <0 (34)
% * @15

where ®31, as shown at the bottom of the next page.
Notably, (34) is equivalent to (23). According to (24), L T4
,BLZ_1 < L7 ! soaP; + BP> < P. Therefore, (23) and (24)
are sufficient conditions for Eq. (31).

According to (31),

AV(Zwm) < — [Zla.l’m_lQZZH—l,m—l
+ 78 0\ Zim + UmeU,,m] <0

Then, the closed-loop system in (11) is solvable.

According to (18), when the system is superimposed
from /[,m = 1tol,m = oo, we obtain (35), as shown at
the bottom of the next page. Then,

—sVEZTT) < =YY lim (36)

[=0 m=0
From (25), we can obtain Z] \L™'Zy < 1.
If P=6,L~" and y; = P + P, then z({Oon,o <0 is
true; hence,
V(Z(T;, Te)) = Z(Ty, TOWZ(T:, Te) < 6 37
where 6; is the upper bound of V(Z(T;, Ty)). Therefore,
o0 o0
Joo T, Ti) = 3 > bim < sVZ(T;,Ty)) < s6; < 0

1=0 m=0
is true. Thus, when perturbations are involved, the traditional
asymptotic stability cannot converge to the origin. In contrast,
there exists the following robust positive definite invariant
set:

v :={Z|V(Z) < 61} (38)

It is satisfied that the system states converge to this set.
For VZ € W, there is:

aV(Z]) < V(Z) < aV(IZ)) (39)
where a1, @y € K, and
V()T = V(2)
- ZU(T, TOQIZ(T;, Ti) + ZT (T, + 1, Ti — DQ»
Z(T, + 1, Ty — 1) + UT(T;, TO)RU(T,, Ty)
(40)
CGanin)* 1Z12 < V'(Z) < Oumax)* |Z)? @1)
where (Amin)* = min {pmin(wl)*}s (Amax)™:= max

{Pmax(¥1)*}, Pmin(-) and pmax () are the minimum and max-
imum eigenvalues respectively, V*(Z) is the optimal value
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T—ATPAy ATP@A; + BiY)A; ATPA; + BiY2)A,

O3 = * —A{L;ll\] 0 ,
Tr—1
L * * —A Ly, Ay
0 0 0
On=| A 0 ATYf
T ATvyT
L0 Ay AT, )
i 0 ATE
Oy = | MET+Y[FD) 0
TyT T
A Y, F, 0
- X I
T —
AT PAy = [[ Y:| ,

r5_[1 0
AlP_[Y N

ATP(AI +BiY))A| = |:A]X i_Blccl Ay +31DC1G:| ’

Act YA, +Ech
A{P(A2+31Y2)Al = AZXi_BlacQ A2+31?02G
Ac2 YA + BeoG

T T

TvyT o = TvyT o o
AY) = [Ccl Dch] VNS S [Ccz Dch] ;
= = A A A A T
ATFT +YFD = [FlX +FCo F1X + FdeG]

T
T T T AN A =
A (Y, Fy) = [cmcz FchzG] ;

ATE = [XE}
E
5ci =D,

601’ = DciGX + CciMT
Bii = YBiDi + NB.; (=12
Axi = YAX + YB1D.GX

+ NB.GX + YB,C;MT + NAMT

Si=ATLT A, S = ATLI YAy, Ty = —ATPA

o0 o0
D AVi@irm) = ViZim) + ViolZigrm) = VioZig1.m1)}
=0 m=0

o [ VilZim) = VilZom) + Vi(Zim) — Vi(Z1i,m—1) + Vi(Zo,m)
= Z _Vh(Zl,m) =+ VV(Zz,m) — VV(ZZ,m—l) R Vh(ZooJ,-l,m)
=0\ — V) (Zoo.m) + ViZoot1.m) — VoZoot1.m—1)

o0 o
=Y (VilZoot1.00) = VilZis1.-1) + Y (Vi(Zis1.00) — VilZo.m))
m=0 [=0
52 51
== VilZom) = Y VilZi1,-1)
m=0 =0

—52Vi(Zo,0) — s1Vu(Z1,-1)
—sV(Zo,0) = —sV(Z(T;, Ty))

IV 1V

(35)
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of V(Z) at the time T; of batch Ty, ¥ is the optimal value
of i at the time T} of batch T.

Define Zy o = Z(Ty, Tk), U0 = U(T}, Tk), equation (29)
is equivalent to

Joo(T1, Ti) = Zzﬂlm—ﬂoo+zzﬂlm

=0 m=0 =1 m=1

+ Zfz,o + Z Lom
I=1 m=1

= ZT(T,, T\ Z(T,, Ti) + ZT (T, + 1, T — 1)
X Z(T; +1,T — 1)

oo o0
+UT(T, TORU(T, T+ ) ) b
=1 m=1

0 o0
+ Z KZ,O + Z gO,m (42)
=1 m=1

Acorrding to (30), superpose:
VilZis1,m) — VilZim) + VilZig1,m) — VoZig1,m—1)
<~ 210 Zn+ 21 1y Q27141 m1 +UF, g, RUL |
(43)
FromI,m = 1to [, m = oo, we can get

St < Z VilZim) + Z Vi(Zi+10)

=1 m=1

(44a)
From ! = 1to [/ = oo, m = 0, we can get

oo oo oo
Zﬁz,o < Z VolZiy1,-1) — Z VilZi+1,0) + Vi (Z1,0)
1=1 I=1 I=1

(44b)

Fromm = 1tom = oo, ] = 0, we can get

oo oo o0
D tom <D ViZom) = Y ViZiw) + Vs (z1.-1)

m=1 m=1 m=1

(44c)
According to (44a), (44b), (44c),

ZZEW*‘ZE!O*'ZZO'"

llm—

< Z VilZi1.m)+Vi (Zl,o)+Z ViZo.m) + Vo (Z1,-1)
=1 m=1
N
<V(Z1.0)+ Y VilZis1.-1)
=1
S2
+ > VilZom) < sV(Z10) < 61 (45)

m=1
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Then

Joo(Tt, T)
- ZU(T, T Z(T,, Te) + ZV (T, + 1, Te — D02
Z(T, + 1, T — D)+ UL (T, TH)RU(T, Ty) + s6,
(46)

The optimization problem in the time 7; of batch T} can be
solved by the following formula:

min 47
Ulvm,l,mzo(p ( )

where Joo (T7, Ti) < ¢.
The optimization problem can be solved by transforming
it into a linear matrix inequality

ZT(T,, TOO\Z(T,, Ti) + ZT (T +1,Tx — 1)
XZ(T;+1, T — 1)
+UT(T,, TORU(T;, Ty) + 5611 < ¢ (48)

(48) is equivalent to

—o+ 8 ZU(T, Ty) 2T + 1, T — 1) UT(T;, Ty)
* -0 0 0
* * -0, 0
* * * —R7!
<0 (49)
where E = 56,
min ¢ (50)

Ul,m’lqmzo

The constraints are (25) and (49).
For the input constraint of equation (26), combined with
Lemma 1 and (24), the following exists:

2
| Utn]
T
Zim T Zim
= ’ [n Yz] [Yl Yz] *
Zl+1,m—1 Zl+1,m—l
T
< Zl,m |:r31L1_1 0 i| Zl,m
| Zit1im— 0 2Ly | Zistme

< Zlral ™ Z < 1, (51)

For the output constraint of equation (27), combined with
Lemma 1, the following exists:

19 l? = 16Z1m|)* = 27,57 GZim
<zl L™ Zim < v, (52)

Theorem 2: Assume U(T;, Ty) # 0 holds. For given positive
definite matrices Q1, Qp € ROt *X(tl) and R € Rmexmu,
and positive numbers ¢« > 1,8 > 1,y > 0, if the 2D-
FM system in (11) is solvable if there exist positive definite
symmetric matrices X > 0,Y > 0,P>0,8 >0,8 >0,
appropriate dimension matrices XC,-, 1??6,-, 6Ci, 5C,-(i =1,2)
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and scalars ¢ > 0, 6] > 0, and A > 0 such that the following
LMIs hold:

[ ©11 O12 O4
*+ O 0 [ <0 (53)
| * * Oy
aS) + BSy < I (54)
=TIy 8P 113 0 Il TIIis 7
* —(1 —X)S; 0 My O 0
* * —(1=2A)8 I3y O 0
* * * —el 0 0
* * * x —g ! 0
* * * * * —%I
L y-  d
<0 (55)
[ —1 Zy,0
" _13—1} <0 (56)
[—rallr 0 [y
* —r2Ms [l55 | <O (57)
| * * -1
2F G
I <0 (58)
* —1I
where
[0 M4 s
O4 =TIy 0 0 |,
| T34 0 0
M —el 0 0
Oy = x  —e M 0 ,
| * * —Qflyzl
- _XDl}
=\1'p, |
15 L

IfX,v, ;Xc,-, Eci, 6d, Bci(i = 1, 2) are the feasible solutions
of matrix inequalities (53)-(58), then the parameters of con-
troller (10) with output feedback can be designed as (28).

If M, N are full rank matrices that satisfy the condition
XY + MNT = I, then they can be obtained by a singular
value decomposition of the matrix I — XY .

Proof: When v(T;, Ty) # 0, Similar to the Theorem 1:

min  max Joo(T}, Ti)

Uim,l.m=0  [A,B CleQ
00 00 N—1N-1
Joo T, T =YY lim= DY lim+ VlZn )
1=0 m=0 1=0 m=0
(59
where

Cm = 2] O\ Zim + Z] 1 11 Q2 Z141m—1 + U, RULm
— )0 O1m
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The following variables are defined as follows:

Zl,m
Zi11,m—1 (60)

Ul,m

d)l,m =

The sufficient condition for the robust stability of the closed-
loop system in (11) is the existence of positive definite sym-
metric matrices P, P, P, that make (61) true.

VilZi+1,m) — VilZim) + VvlZir1,m) — VvZit1,m-1)
= Z 1 w(P1 + P)Z1s1m
~Z] WP\ Zim — 2 1 1 PrZig 1 m
Zl o PZisvm — ZL P\ Zim — 2y P22t 1
- [ZZlezz,m +Z ) 1 Q2 Z1 1 m

+ UL RULm = (V5] 1] (61)

IA

IA

(61) can be translated into
Gl Vbim <06 ¢ <0 (62)
where Uy = Y121 + Y2241 m—1,

v=cloL g —de el oL T+ ot

+od 0agd — o Ref + ¢l vPed,
{1 = [A1+AA+BY1+AB Y, Ay+B\Y2+AB Y, D],
and
=[100], 3=[010], a=[" Y2 0],
tis=[001].

Applying Lemma 1 and Lemma 2 to Equation (62), we can
obtain

[ ©21 Oy Os
¥ O 0 <0 (63)
| k * @42

where
i 0 L=E L~'D
Os5) = F1T~|—Y1TFZT 0
T T
Y] F] 0 0
- - Y N = X M
1 _ _ -1 _ _
Let L _P,P_|:NTW:|,P —|:MTK:|,A1—

MT 0
diag (AT, AT AT 1,1,1,1,1,1) and on the right
by A1; then, we can obtain

[X I ] and multiply (63) on the left by AT =

O31 O3 B¢
* Ou 0 | <0 (64)
* * @42
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where
i 0 ATE ATD
O = | ATET +YIFI) 0 0 |,
ATYTFT 0 0
ATD = XDI}
L Dl

Notably, (64) is equivalent to (54). According to (24), oL T4
BLy' < L', soaP +BP; < P.Therefore, (54) and (55) are
sufficient conditions for Equation (61). Similar to Theorem 1,
the closed-loop system in (11) is robustly stable.

From the superposition of inequality (61), we can
obtain (65), as shown at the bottom of the page. Then,

—sVEZTL TN < =Y > lim (66)

=0 m=0

Referring to Theorem 1,
from (56):

the following can be obtained

VZ(T;, T1)) = Z' Ty, TOWZ(T;, To) <61 (67)

where 6 is the upper bound of V(Z(T;, Ty)). Then,

[o.Se e

DO lm < SVEZT1, Ty) < s61 <6

=0 m=0

Joo(Ty, Ty) =

Applying Lemma 1 and Lemma 2 to Equation (55), we can
obtain

tf L =g (=L -t A=Ly o —¢d 2C5<0

When (63) is multiplied on the left by ¢1,m
by ¢_>1,m, we can obtain:

and on the right

1
o {le:i-l,mPZl+],m — (=) [VaZm) + Vv(Zl+l,m71)]]

The following can be obtained from the above equation:

1 VilZim) 1 .
—V(Zi1m) < (1= >— " +r—0"0
01 +VolZir1,m—1) 14
1
< —x) V(Zl m)+2r—0"0
y?
5(1—x)+x_1 (69)

Thus, when perturbations are involved, the traditional asymp-
totic stability cannot converge to the origin. In contrast, there
exists a robust positive definite invariant set:

={Z|V(Z) =61} (70)
It is satisfied that the system states converge to this set.
For VZ € W, there exists
3V(Z]) = V(Z) < a3V(IZ]) (71)

where o3, a4 € Koo and
V()T —-V(2)
- |:Z]]:leZl,m +Z,7;1,m1Q221+1,m—1} 72)

- + UmeUl,m - (V)zﬁfmﬁl,m
Omin)* 122 < V' (2) < ) 1212 (73)

When Zy o = Z(T;, Tx) and Uy g = U (T}, Tx), equation (59)
is equivalent to

jOO(Ttv Tk)

—Zzﬁlm—500+Zzﬁzm+zﬁzo+2€om
=0 m=0 =1 m=1

= ZT(T,, TOO\Z(T,, Ti) + ZT (T, +1,Ti — 1)
X Z(T +1, T — 1)

+ UT(T,, TORU(T,, Ty) — (p)*07 (T, Te)o(Ty, Ti)

1
—X—20T17<0 (68) +ZZ£T1 Km“t‘ZElO“I‘ZEOm (74)
14 I=1 m=1
oo o0
DY AV Zicrm) = ValZiw) + VilZigr.m) = VilZirim-1)}
1=0 m=0
00 Vh(Zl,m) - Vh(Z(),m) + Vv(zl,m) - Vv(Zl,m—l) + Vh(ZZ,m)
= > | = Vi@im) + VoZam) = VolZon-1) + - - . + ViZoos 1.m)
m=0 \ — Vh(Zoo,m) + Vv(ZooJrl,m) - Vv(ZooJrl,mfl)
oo oo
=Y (ViZoot1.00) = Ziv1.-1) + Y (VilZis1.00) = VilZom)
m=0 1=0
K23 S1
==Y ValZom) = Y_VilZis1.-1)
m=0 =0
> —2Vi(Zo,0) — s1Vv(Z1,-1)
> —sV(Zo,0) = —sV(Z(T1, Th)) (65)
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Similar to theorem 1, we can obtain:
Joo(Tt, Ti)
ZU(T, TV Z(Ty, Te) + ZT(Ty + 1, T — DHQ»
<| Z(T + 1, T,y = )+ UT(T,, TORU(T,, Ty)
— (W (Ty, T)U(Ty, T) + 561
(75)

The optimization problem at time 7} of batch Ty can be solved
by the following formula:

min 76
Ul,m,l,mzo(p ( )

where Joo (T, Ti) < @.
The optimization problem can be solved by transforming
it into a linear matrix inequality:
(27T, TOQZ(Ty, Ti) + ZT(Ty + 1, T = 1)
XZ(T + 1, T — 1)
+U(T,, TORU(T,, T) + 5611 < ¢ (77)

(77) is equivalent to

-9+ 8 ZIU(T, Ty) ZT(T, + 1, Ty — 1) UT(T,, Ty)

% -0;! 0 0
* * —Q2_l 0
* * * —R7!
<0 (78)

where E = 560; and

min @ (79)

1
Ul,mJ’mZO

The constraints are (56) and (78).

C. CONTROLLER PARAMETER OPTIMIZATIONBASED ON
THE PSO ALGORITHM

The basic principle of the PSO algorithm can be described as:
a group is composed of multiple particles in high-dimensional
space flight at a certain speed, and each particle in the search
considers the best particle and the best group in the search
history of the other particles on the basis of the speed and
position updates.

vl,k+] —w Vz,k + clé_.(pl,k _xl,k) +027I(Pg'k _xt,k)
xi,k+l — xi,k + Vi,k+1 (80)

where v is the velocity vector of the ith particle in the
kth iteration, v*? is initial iteration speed of the ith particle,
x"K is the position of the ith particle in the kth iteration, w
is the inertia weight, c¢; and ¢, are the learning factors or
acceleration coefficients, £ and n are uniformly distributed
random numbers between [0, 1], pi*k is the optimal location
of the ith particle in the kth iteration, and p"¥ is the global
optimal position of all particles in the kth iteration.

Let x be the vector composed of all the elements in
controller A¢1, B¢1, Ce1, Det1, A2, Beo, Cea, D¢, andit is the
decision variable in the optimization problem, where x € R*.
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Our goal is to obtain min
xF = < < |

where x; is the jth component of x, xj* is the jth component of
x*, and x* is the vector composed of all elements in the con-
troller parameters A, BY,, CX,, D%, A%,, B,, C%,, D}, that
are obtained by the traditional method. x* is the initial itera-
tion position in (80). The optimal position mentioned above
refers to the position when the performance index is mini-
mized, and the same constraint x]?" — Ix;‘| < x;’k < x;‘ + Ixj*|
is applied to each particle position in (80), where x}’k is the
Jjth component of the ith particle in the kth iteration.

In simple terms, the PSO algorithm is used to find a better
solution near the controller obtained by the traditional method
to make the function value of the performance index J as
small as possible.

In the PSO algorithm with the above constraints, the initial
total number of particles is set as 100, the inertia weight is
set as 0.5, the learning factors c¢; and ¢, are set as 1.5, and
k < 300 (i.e., the number of iterations is 300).

J(x),j=1,2,...,40,

IV. SIMULATION

The injection molding process is a typical multistage pro-
duction process in the chemical industry. Each product pro-
duction mainly includes five steps, that is, the Clamping
period — Injection period — Packing period — Cooling
period — Mold opening period. The injection speed and other
parameters of the injection period need to be controlled with
high precision to achieve an increase in the final product
yield. Here, we take the injection period as an example to
consider its control effect.

The control speed parameters are taken as the research
object. First, the response to the injection speed (output) of
the proportional valve (input) is determined as an autoregres-
sive model, and the mathematical model in the frequency
domain of the injection section of the injection molding
process is established as follows:

v 1.239z7" — 0928272
VO 1—(1.607 +0.18)z=! + (0.6089 + 0.18)z~2

(81)

where IV is the injection speed and VO is the valve
opening.
The state space model of model (81) is expressed as

1.607 1
x(Ti + 1, Ti)=
—0.6089 0

|:O.15(T,,Tk) OD
+ -x(TTka)
0.18(T;, Ty) 0

N ([ 1.239 }Jr |:O-13(TI,TI<):|>
—0.9282 0.18(Ty, Ty)
u(Ty, Ty) + v(Ty, Ty)
W Ty =1 0] %7, T

(82)
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FIGURE 2. Tracking performance comparison with/without extended
information.
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FIGURE 3. Tracking performance comparison with/without PSO.

where the variable §(Ty, Ty) varies randomly in the
range [0, 1].
The set-point under every batch is set as:

»wT) =15 0=<T, <141

83
yo(T;) =30 141 < T, <282 (83)

In order to verify the effectiveness of the control method
proposed in this paper, under repetitive disturbance and non-
repetitive disturbance, the control effects without extended
information, with extended information, and with extended
information combined with PSO algorithm are compared.

A. CASE 1: ROBUSTNESS TO REPETITIVE DISTURBANCE
As seen from the above simulation experiments, the state
space model of the injection period is (82), where v(T, Ty)
is the disturbance of the injection period and satisfies v =
cos(Ty) x [0.1 0.2 ]T. In this case, the external disturbance is
only determined by time.

As shown in Fig.2, the tracking performance of the system
with or without extended information under repetitive distur-
bance is compared. It can be seen from Fig.2 that the track-
ing performance of the system with extended information

8420

Output response without extended information not based on PSO
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FIGURE 4. Output response of systems under repetitive disturbances.

is significantly better than that of the system without
extended information, and it can converge to the stable state
faster.

In Fig.3, the tracking performance of the system optimized
by PSO is compared with that of the system not optimized
by PSO when the system has extended information under
repetitive disturbance. It can be seen from Fig.3 that the
tracking performance of the system optimized by PSO is also
better than that of the system not optimized by PSO, and the
same is true when converging to a steady state.
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FIGURE 5. Tracking performance comparison with and without extended
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FIGURE 6. Tracking performance comparison with/without PSO.

Fig.4 shows output response of systems under repetitive
disturbances. Figs.4(a, b and c¢) show the output response
without extended information, with extended information,
and with extended information combined with PSO algorithm
in the 1, 5 10" and 20™ batches, respectively. Compared
Fig.4(a) with Fig.4(b), Fig.4(b) can almost track the given
output trajectory in the first batch, and the fluctuation time
in subsequent batches is shorter. Compared Fig.4(b) with
Fig.4(c), it is obvious that the output tracking using the opti-
mized algorithm is faster, as shown in Fig.4(c), the first batch
of output trajectories. Not only that, the fluctuation in the ini-
tial time of subsequent batches is also small. Under repetitive
disturbance, the tracking performance with extended infor-
mation is better than that without extended information, and
the tracking performance of PSO with extended information
is better than that only has extended information.

B. CASE 2: ROBUSTNESS TO NON-REPETITIVE
DISTURBANCE

In this case, robustness against non-repetitive disturbances
is shown. The real-time dynamics of the system are given
in (82), where the nonrepeated disturbance v(7;, T ) satisfies
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FIGURE 7. Output response of systems under nonrepetitive disturbances.

v=03x[A AQ]T and A; (i = 1,2, 3) varies randomly
in the range [0, 1] and v(T%, Ty) depends on both T and T.
As shown in Fig.5, the tracking performance of the system
with or without extended information under non-repetitive
disturbances is compared. It can be seen from Fig.5 that the
tracking performance of the system with extended informa-
tion is significantly better than that of the system without
extended information, and it can converge to the stable state
faster in about four batches, and is close to zero error tracking.
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Similar to the results given in Fig.5, under non-repetitive
disturbances, the control performance is obviously better with
the optimization algorithm, as shown in Fig.5.

Similar to Fig.4. Fig.7 still shows output response of
the system, but in the case of non-repetitive disturbances.
As shown in Fig.4, the control effect is the best by applying
PSO with extended information. Of course, affected by non-
repetitive disturbances, the output curve obviously fluctuates
near the given trajectory.

V. CONCLUSION

For a single-phase batch process with uncertainties and
unknown disturbances, a PSO-based two-dimensional output
feedback robust constrained MPC method is proposed by
introducing a new model formed by extended information,
combining ILC and MPC. We optimize and adjust perfor-
mance index parameters through PSO algorithm such that the
designed output feedback predictive controller achieves bet-
ter control effects. Finally, take the injection molding process
as an example, compared with the existing results, this fact is
also proved.
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