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ABSTRACT An H-infinity model predictive fault-tolerant control strategy is proposed for multi-phase batch
processes with interval delay and actuator failures. First, state variables, state errors and output tracking
errors are introduced to establish an extended-state-space switched system model. Then, based on this model,
a predictive fault-tolerant control law is designed for tracking the set point by the output that satisfies the
requirements of the optimal performance index under input and output constraints. The feasibility conditions
for the solvability of the control law are presented in the form of linear matrix inequalities. In addition,
the designed switching law is constructed, and the gain of the control law is obtained via the optimization
algorithm. This design has several advantages: the output tracking is faster, the tracking performance is
superior, and the trace is smoother at the switching time. Finally, through a comparison with traditional
methods, the effectiveness and feasibility of this method are demonstrated via injection molding simulation.

INDEX TERMS Batch production systems, added delay, fault tolerant control, linear matrix inequalities,
Lyapunov methods, predictive models, switching systems, predictive control.

I. INTRODUCTION

As industrial production models exhibit a variety of char-
acteristics, such as small scale, diversity, high added value
and technological intensiveness, batch production technol-
ogy has attracted increasing attention and has begun to play
an important role in many fields. Although many studies
have considered batch processes, the high-precision control
of modern industrial processes remains a challenge. One
reason for such challenges is the occurrence of time delays
and perturbations, which may deteriorate the tracking perfor-
mance and result in reduced production efficiency [1]-[3].
Furthermore, both the requirement for a high automation level
and the complex process conditions increase the likelihood
of system faults, including actuator faults, internal faults, and
sensor faults. Actuator faults, which are the most frequently
occurring faults, substantially impact the system. If these
faults are not detected and corrected in a timely manner,
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then the production performance will deteriorate, and equip-
ment and personnel safety issues may occur. Once a fault
has been detected, the corresponding fault-tolerant control
strategy must be quickly implemented to mitigate the impact
of the fault on the control performance of the system. Fault-
tolerant control refers to the tolerance of the system to faults
such that, after a fault occurs, the control performance is not
substantially affected, and the system can still operate stably
for a period of time in the current state to ensure the quality
of the products produced during this period.

In recent years, there have been many achievements in the
research on fault-tolerant control for batch processes [4]-[8].
These results mainly occurred in two areas. In one area,
the batch process is regarded as a one-dimensional (1D)
system that is related only to time, as in [4] and the references
therein. In the other area, the batch process is regarded as
a two-dimensional (2D) system that is related to time and
the batch direction. In [7], the author transformed a batch
production process with unknown perturbations and actuator
faults into a two-dimensional Fornasini-Marchesini (2D-FM)
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model and designed a controller that ensures the closed-
loop convergence of the system along the directions of time
and batch. Regarding uncertainty, state delays and actuator
failures, Wang et al. [8] proposed H-infinity learning fault-
tolerant guaranteed cost control based on an equivalent 2D
system description of these processes.

A series of research results have been presented for the
fault-tolerant control of batch processes. The most popu-
lar methods for controlling batch processes are 2D iterative
learning control (ILC) methods based on the repetitiveness of
production processes [9]-[14], including single-phase batch
processes [12], [13] and multi-phase batch processes [14].
However, as such methods adopt the same control law, if the
deviation of the system output from the set value exceeds a
threshold, then the deviation will continuously increase with
time. Moreover, for safety, system constraints and restric-
tions must be considered during the design of the control
system. It is imperative to develop new control methods.
Model predictive control (MPC) with feedback correction
and rolling optimization at every moment is widely used.
In references [15]-[23], a set of control strategies that com-
bine ILC with MPC are proposed. Recently, MPC was com-
bined with fault-tolerant control (FTC) and applied [24].
Most research results focus on 2D systems theory.

As batch processes are processes that vary slowly with
time, no perfect repetitiveness occurs; i.e., if system informa-
tion cannot be repeated between batches, then the ILC method
is no longer applicable. At this time, it is more suitable for the
production process to be regarded as a 1D system [25]-[30].
Among these results, various design methods are combined
with model predictive control, such as the neural network
method and the extended-state control model method. The
design strategy of the extended-state control model method is
to introduce the state error and the output error along the time
direction, expand the original model into a new error model,
and design a control law under this model for the realization
of system tracking control. This method has been widely
applied since it has produced satisfactory control results.
Another advantage of this design is that a time-delayed sys-
tem can be transformed into a non-time-delayed system via
dimension expansion. Another design method is available for
time-delayed systems, in which the controller design depends
on the upper and lower bounds of the time delay. Although it
is difficult to design the Lyapunov function for the latter solu-
tion, its dimensionality and computing load are smaller than
those of the former solution. If the control process involves
uncertainties and external perturbations, then the stability of
MPC will be negatively affected, while the H-infinity model
predictive control strategy [31], [32] can analyze the stability
of uncertain closed-loop systems, reduce the impact of pertur-
bations on the system’s control performance, and enable the
controlled objects to remain robust to external perturbations.
Therefore, such control methods are widely used.

The above research on batch processes focused mainly on
single-phase processes. However, most batch processes are
multi-phase processes, and the phases influence one another.
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Multi-phase batch process control has become a hot topic in
research [29], [33]-[36]. In [34], a switching system model
was used to study a multi-phase batch production process, and
a related predictive control strategy was proposed. In [35],
the average dwell time method was used to study a multi-
phase system, and an optimal control strategy is proposed.
According to the research results, these models were all
based on two-dimensional systems. As we have explained,
the information of batch processes is not always repeated
in the batch direction. In addition, few studies consider
time delays, external disturbances and other issues. There-
fore, the available research results cannot satisfy the market
demand, and further research on multi-phase batch processes
is urgently needed, especially for cases in which the batch
information is not repeated and time delays occur.

This paper proposes an improved H-infinity hybrid model
predictive fault-tolerant control method for time-delayed
batch processes against disturbances. In contrast to control
approaches for single-phase batch processes from the lit-
erature discussed above, for multi-phase batch processes,
we have introduced not only the above variables but also new
state variables that are related to output errors to form an
extended switching system model. The main contributions of
this work are as follows: (1) A new type of model is con-
structed, and the suitable switching conditions and running
times in various phases are specified based on this model.
(2) The solvability condition of model predictive control
is specified in terms of linear matrix inequalities (LMIs),
and the upper bound for the system’s optimal performance
index is identified to improve the efficiency of the produc-
tion process. (3) The designed controller is robust against
disturbances and time delays, and it realizes superior track-
ing performance. Finally, to evaluate the performance of the
proposed method, the proposed method is compared with the
traditional method. The results demonstrate that the proposed
method realizes a short running time and satisfactory tracking
performance.

The remainder of this paper is organized as follows.
Section II describes the system. In Section III, the design of
model predictive fault-tolerant control is considered. In this
part, the equivalent model is established, the sufficient con-
ditions for the feasibility of model predictive control are
established, and the optimization algorithm is constructed.
An injection molding simulation example is presented to
illustrate the performance of the proposed methods in
Section IV. Finally, the conclusions of this study are presented
in Section V.

Il. PROBLEM DESCRIPTION

The following discrete-time faulty switched system with
uncertain parameter perturbation and an interval time delay
is considered:

x(k + D=@A"® L ATO ) (k)+AT P x(k—d (k)
+ B°®OuF (k) + we® (k) e))
y(k) = C°®x(k)
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where k is the finite discrete-time; x(k), y(k) and uf (k)
represent the system state, system output and system con-
trol output under a fault condition, respectively; w(k)is the
unknown external perturbation; o(k) = [0,00) — p =
{1,2,- .., N} is the time- or state-dependent piecewise con-
stant switching signal; o (k) = i denotes the activation of
the i’ system; A’, B', A}, C' are the coefficient matrices for
the i subsystem with suitable dimensions; A; is the per-
turbation matrix of unknown parameters, which satisfies the
condition A!, = D'Fi(k)E'; D', E' are known real matrices
with suitable dimensions; and F i(k) is an unknown matrix
that satisfies the condition Fi(k)FT (k) = I.
The interval time delay d (k) satisfies the condition

d<d(k)<d

where d and d denote the upper and lower bounds, respec-
tively, of the interval time delay.

Remark 1: Some real systems can be expressed in the form
of system (1). For example, the process of a continuous stirred
tank reactor (CSTR) in [37] can be expressed in this form; in
[38], when the update law with an input delay is designed,
it can be converted into model (1).

In practical production operation, due to the long-term
overload operation of the equipment, actuator faults in the
system are unavoidable; hence, it is difficult for the input u (k)
of the system to track its set value. Actuator faults mainly
include partial failure, complete failure and stuck failure.
The first two faults are represented by defining the value of
ol. f ! > 0 and of # 1, then partial failure occurs; if
al = 0, then complete failure occurs. For stuck fail-
ure, the input through the actuator is constant. In general,
o' = 1 means that the system is behaving normally. In case of
complete failure or stuck failure, the controller will no longer
function. Herein, we will discuss only partial failure. Thus,
the faulty model can be expressed as:

x(k + 1) =(A7® 4 ATOE)x(k) +AT Oxk—d (k)

+ B°®Oquk) + wo® (k) )
y(k) = C7®x(k)
In real production processes, the model dimensions for two

adjacent phases may differ. When the system is switched to
the next phase, the form of switching can be expressed as:

xH—l(Ti) — Jixi(Ti)

where J' is the state transition function. If J' = I', then the
system states of two adjacent phases have the same physical
meaning. If the system state is known, then it is critical
to determine the system switching time. Assuming that the
i'h phase is within the time range [T/~!, T/] and that the
switching time is Ti(s € (i, 2, 3, ...)),

7 =min ft > 771Gk <o), 10 =0,

where Gi(x(k)) < 0 is the switching condition that is
related to the system state. For multi-phase batch processes,
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the switching sequence for the entire operation phase is
expressed as:

s={rlo(1)). 120 (12)..... 0.0 (1)),
3.0 (13)... 100 (1)..... T} o (). ]

Ill. DESIGN OF MODEL PREDICTIVE FAULT-TOLERANT
CONTROL

A. ESTABLISHMENT OF THE EQUIVALENT MODEL

Since the information between batches is not repeated, here,
we regard the batch process as a 1D system, and we use 1D
variable dimension switched system theory to study the con-
ditions that are required for the system to operate smoothly
even after the occurrence of a fault. In addition, the proposed
strategy is a passive FTC that handles the fault occurrence as
parameter uncertainties. Based on the conditions of activation
at various phases, phase i control input u'" (k) represents the
input signal under an actuator fault, which can be expressed
as:

(k) = olul(k) with0 <o’ <o’ <@ 3)
wheregi <l, @ >1.

Therefore, the batch process with an interval time delay,
a perturbation and an actuator fault can be expressed as:

Xk 4 1) = (A" + AL ()X (k) + Ayx'(k — d(k))

+ Bla'ul (k) 4+ w' (k) “)
(k) = C'x'(k)
The following notations are introduced:
B =diaglB}. B. ... BL).  Bh=diaglBly. Big. - - - Biol.
, w4d  d—df
— — ! = N —.
b= h=5% ol

Therefore, a(’) exists; hence,

of = (I +ap) B |ab| = 5 =1,
where
o = dia [oti ol o ]
0 8l s Xpps - - -5 Xy ls
i . i i i
Qg =d1ag[‘ot0] , ‘“02 e aOm‘].

For system (4), the controller will be designed using
the novel model predictive fault-tolerant control method to
ensure satisfactory control performance. The main steps are
as follows: the error model and new state variables are intro-
duced and used to transform the model into an equivalent
model, and the novel controller and the switching law are
designed on this basis. The main strategy is as follows: The
difference operator A is introduced, and Ax(k + 1) = x(k +
1) — x(k) is defined. Then, the following equation can be
obtained from model (4):

Ax'(k + 1) = A'(k)Ax'(k) + Al Ax'(k — d(k))
+Bla' Au'(k) +Wik)  (5)
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where
W(k) = [AL(k) — ALk — DIx'(k — 1) + Aw'(k)

Al(k) = (A" + Al(k)), and €'(k) is the error between the
system output and the expected output at the i’ phase:

¢'(k) = y(k) — yr(k) ©6)
The following equation can be obtained from (5) and (6):
etk + 1) = C'A (k) Ax' (k) 4+ C'Al Ax;(k — d(k))
+ C'B'a'Au'(k) + C'W'(k) + e'(k)  (7)
A new state variable is introduced:
Rk + 1) =2 (k) + €' (k) (8)

where %i(k) is selected based on the state of the extended
information that is determined by e'(k) . Let

iy =[axd k) #Twk)  Tw],

then the state model of the dimension-extended system with
extended information at the i phase is obtained:

Xk + 1) = Al()x (k) + AL X (k — d(k))

+ Blal Aul (k) + G'wi(k) )
y'(k) = C'x(k)
where
- B 7 A, 0 0
B=| 0 |, G=|0/[, A= 0 0 0],
| C'B C' CciA, 0 0
_0 T
C'=|0], Ak =A+ Al(k)
i
AL 0 0 Aty 0 0
= 0 I I |+ 0 0 0
| C'ATY 0 C'Alk)y 0 0

When the i phase is switched over to the i + 1?* phase,
the phase transition can be expressed as:

)_Ci-H(k)
JIAX (k)
=|&ik—1) + CH I Axi(k —1) + CHJixi(k —2) — yi |,
Ci+1JiAxi(k) + Ci+1Jixi(k —-1)- y£+l

B. DESIGN OF THE PREDICTIVE FAULT-TOLERANT
CONTROLLER

The objective of robust predictive control is to design a pre-
dictive controller such that the output can track the set point
under faulty conditions and satisfy the performance index at
each moment. Let ¥'(k + j|k), Au‘(k + j|k) and ¥'(k + j|k) be
the predicted state value, predicted input value and predicted
output value, respectively, for k + j at moment k, and let
xi(klk) = x(k) and Aul(klk) = Au'(k). The state feedback
control law is designed as follows:

Aul(k +jlk) = K%'k +j k) (10)
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where K denotes the gain of the proposed controller. At this
time, model (9) is transformed into:

Xk 4+j+ 1]k) = (Al(k) + Bla'KHxi(k +j|k)
+ALF (k — d(k) +jlk) + GWitk +jlk)  (11)
Ytk +jlk) = Cixitk +j k)

The optimal performance indices for system (11) are
designed as follows:

min max Ji ok
Auk+jlk) Aal (k-+jlk), w(k-+jlk) 0o (k)
b=y [f”(’c +IOQFE Kk + 1K)+ A’ (k + j|k)1-gg]
T LAk IR — 0w e+ jllw Kk + 1K)

(12)
where the following condition must be satisfied:
Au'(k + jllI< Adl
II_iu ( J'rJI )II:i U (13)
¥k +jllI=<y

The minimum upper-bound value of the objective function
(performance index Joo(k) ) is obtained under maximum
perturbation and minimum control input. In the formulas
above, Qll and I_Q"l are the process state weight matrix and the
input weight matrix, respectively, and Au;, and Ay}, are the
upper-bound values of Au’ and ¥, respectively. The following
notation is introduced to simplify the expression:

Vi (xi(k + jlk))
=V}, ViG'(k + jlk)) = Vi,

= Fk +jlk),  ® = F(r +jlk),

J 7
Ry =F+j—d®k), 7, =5 (k+j-dik),
—i =i .
X =% (r +J dlk) ,

g = [X(k +jlk) X (k +jlk) X (k + 1)1,
= X'(k 4+ 1]k) — ¥'(k + jlk),
8 = X'(r +j+ 1lk) — X(r + jlk).

~
&
|

Using the Lyapunov stability theorem, the controller
design problem is transformed into the equivalent model
stability problem. To demonstrate the system stability,
the Lyapunov-Krasuski function (LKF) is defined as:

5
Vi =) Vitk+jlk)
=1
Vi, =x"Pixl =xT0'Py'x!

1j
k—1
i _ —iT —k—1—rpip—i=i
Vo = Z X, & 0T, X,
r=k—d(k)
k—1
i _ =iT —k—1—rpiygr—i=i
V3j = Z Xy O 0'M, Xy
r=k—d

70545



IEEE Access

H.Yi, Z. Chen: Improved H-Infinity Hybrid Model Predictive FTC for Time-Delayed Batch Processes

—-d k-1
Vijz Z Z xtTak 1— r@T zz
s=—d '=k+s
-1 k-1
Vi =d D> e oGy s (14)
s=—d r=k+s

where I_D’i, T{, M ]’ , G’i are positive-definite symmetric matri-
ces,0 < a; < 1,and @' is a positive number. To ensure system
stability, it is necessary to satisfy the following Lyapunov
inequality constraints:

T =x" 0% + Au’iTieilAu —n'wWiTwi (15)

]+1 V’ jl+1 — o V —Jj’ (16)
Moreover, if Vi (¥'(c0)) = 0, ¥'(c0) = 0, and the upper
bound of J! Lo (k) exists and satlsfles 6! > 0, then:

T k) < Vi) <6 (17)

Definition 1: For any t > ty and any switching signal o (k),
where 19 < k < t, N’ (f9, t) denotes the number of switches
of the i subsystem within the time interval (zg, f). Tt (tp, 1)
is called the total operating time of the i”* subsystem. For
any specified 7; > 0, the following formula is established:
Ni(to, 1) < r (to D where 7; > Ois the average dwell time.

Definition 2 System (11) is said to be robustly exponen-
tially stable under the switching signal if there exist positive
constants a, b, and 0 < v; < 1 such that the following formula
holds:

b t—1tp

= —V.
t a'l

=T

T
| j

J

fo

Lemma 1 (Schur Complement Lemma): Let W, L and V
be matrices of suitable dimensions in which W, V are real
matrices. Then,

LTVL-W <0

if and only if

- <0 or -V L <0

L —v-! L -w '
Lemma 2:If D, F, E and M are positive-definite matrices
with suitable dimensions, where M = M7 and FTF < I,
then the following inequality is established, and if there exists

e > 0, then the sufficient and necessary condition for the
establishment of the inequality is

M+~ 'DDT + ¢ETE < 0.

Lemma 3: For any vector §(t) € R", positive numbers k1
and k2, and matrix R € R"*", the following matrix inequality
is established:

t=ky t=ko t=ky
— (ki —k+ 1) Y STORSW) <~ 8TMRY80)
t=ky 1=k t=k;

Theorem 1: If wi(k) # 0, for specified constants d <
dk) <d,0" > 0,and 0 < @; < 1, if there exist positive
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definite symmetric matrices Iz 1\7[5, 7_"2i, C_}é, Té,Mé, M%, (_;g,
and Y 1’ and positive real numbers 7', &,, and &, such that the
following matrix inequalities are feasible for the switching
signal with an average dwell time that satisfies the following
inequality (23)

T T2 T3 YT Tis

* Yoo Yo3 o4 0
* * T33 0 0 | <0 (18)
* * * Y44 0
* * * * Ts5
7 0 &G 0
0 —&iT! 0 0
T = ~d ~i il ~d i _ ~dfi
ai Gy 0 aiM; —ai G, O' .
0 0 0 —0'n!
2

'0 8iBiﬁ’
=10 521‘3!‘,39]
Pl AlT _}_l YltTTﬁtBtT PletT + ¥1;7:’i37thT _ PlZ
TIA T!A
Yo = 2% 2°%d
0 0
QiGiT QiGiT
[ ¢! 0 ] —g! 0
Y2z = a . Yas = a .
32 i 0 —8;7 ] 9 44 [ 0 —8;7] 9
[ PLET 0 y[Tgt 0
0 0 0 0
Ti3 = 0 L T4 = 0 E
o 0 0 0
YIRS P07 o o
_ 0 0 I ,
Ti5 = 0 0 » T = |: 0 —0’1]
0 0
Vi< piyi-l (19)
(-1 &
B o
[ — Au? Yi
[ Aqu>l ®iCT
| Cip ool<o0 (22)
* In w;
7> (1) = _Fa: (23)
PGy'Py = Gg,Pl T,'Py = TLPiM;'Py, = M,
GYM;'Gy, = 62 Py'Gy, = Pg, T YiPi,

¢ = —a;P} +T’+M’ + d—i—d—i—l)T‘ ~ &G,

where * represents the transposed element in the symmetric
position; then, the robust model predictive fault-tolerant con-
trol problem is solvable, and the fault-tolerant controller gain
in the system is K= )_’lii’; i The LMI (18) is the sufficient
condition. If the LMI (18) holds, then the system is stable.
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Proof: Multiplying the left and right sides of inequality
(18) by diag [Py T, G,' "1 1 111111], by using
Schur complement Lemma 1 and Lemma 2, due to the occur-
rence of a perturbation and a fault in the control system, and
letting

A=Al + Bo'R = A"+ Ad + B (B + ) K

= A"+ D'F(kE'+ B B'K' + Ba)p'K',
we obtain:
ol 0 &1G; 0
0 —alT;" 0 0
Gyt 0 —aiMy -alGyl o
0 0 0 0

o] n [%T ] o [I\QT 0] 24)

Oy < D3 (25)
where
o) = —a;Py + T, + My + (d+d+ 1)T ~alGy,
[A7 A} 0], AL=[A—1 A 0],
o= [Q% 00 o], X§=[1‘eii<i 00 0].

The increment function is defined as AV = V."+1 — a,-Vji ,
and the following formulas are obtained from the definition

of the Lyapunov function and Lemma 3:

A

l< =iT _ 3T i_—i—{‘
AV X; 9P2x]+1 ;x; 0'pP, X;

AV2 <x’T9T X! —xd_w lGT foj

T ___. ~ —T—k— P— s
AV <(d—d+ DT, % - Z~x£jai "7, R
s=k—d

k—1
AV < d*8iT6'G; '8! — d a8 0'Gy 5L
—~.

~ . . P . . r= d
< d’l%,, —X10'G,[%], | — ]
—a [T, — 5, o G, %, xé_h/]

(26)
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By summing the inequalities (26) and multiplying both
sides by 67!, we obtain:

ZAV(k+J|k)

r=1

—i T
elAle_l:t ]

91]1_[]1T V_V |:

Hence,

i

g } <67 @)

(‘f) I

= m—.
|_|§

AV} < —Jj(k) (28)
The system is proved to comply with the Lyapunov inequal-
ity constraints. In addition, according to the performance
function (15), Jj’(k) > 0; therefore, AVj’ < 0, namely,
Vji+1 < ociVji. By setting Vji = VIi(k), the following holds
fortg <k < t:

VO <oVo D — 1) <o~

() @)

where T!~! denotes the switching time at the " phase. From

(19), we obtain
Ve p) a{—T;" il (Ti—l)
1
T [ [

2Uo.t)
H(a )T o) H(u) WV (1) (30)
i=1 i=1
and considering the definition of the Lyapunov function,

we obtain:

d

IA

A

V(f(l)(t) S vl*tovﬂ'l‘o (lO)
b5 (0 + jlto) II* 31)

IA

. 2
#( -+

IA

where
- . b t—ty || = .
X1 + 1Dl < P X1 (to +JIO1
@ = min min (133) (Vi € N),
b= )\max(Pli) + a()\max(f]i) + )\max(M]i)
d+d - -
_T(d - i‘i‘ l)kmax(Tll)

= ~
)

According to Definition 2, if the switching signal satisfies the
condition 7! > — 11':1—’;[{', then the time-delayed switched system
is robustly stable.

In the following paragraphs, it will be proven that the upper
bound 6/ > 0 of performance function Jéo (k) exists, so that
(17) can be established. Since 0 < @' < 1, in combination
with formula (28), the following inequality is obtained:

v = VJ <—J; i (32)
The sum of the inequality above is calculated from j = 0
toj =00

Vitk + 1lk) — Vi(k|k) + Vi(k 4 2|k) — Vi(k + 1]k)
+. 4+ Vik+ 14 oolk) — Vi(k + oolk)
o0
= Vi(k + oolk) — Vi(k|k) < — ZJ;'(k) (33)
j=0
70547
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namely,
Vik 4 oolk) — Viklk) < —Ji (k) (34)
If Vi (¥} (00)) = 0 and X{(c0) = 0, then:
Ji (k) < Vi(k|k) (35)
Taking (k) = max (¥ (r), 5 (r)) and r € (k —Zz,k),
we obtain
V() < Z@UE ® (36)

As 0 < «a; < 1, from the definition of the Lyapunov
function, it follows that:

Ui = Pl +d<T1+M1)+4+EZ(d d+1

d2(1+51)

+ G\ (37

The following inequality is obtained from the matrix
inequality (20) in combination with the Schur complement
lemma:

(k)q) 1= lT(k) <1 <1_[ T(IOVZ)VU(I‘O) (t
0 (33)

1
Letting v = max (aiuifi), Xj(k) = max (X}(r), 8, (r)),

r e (k —d, k), \ifl_ 9 = ®,. Then, the following inequality
is obtained:

, N
)'c;(k)(\lll_’9> 7Tk < 1 (39)
namely,
T )WiET (k) < 6 (40)

~Combining (35) and (36), there exists an upper bound 0! of
J¢ (k) such that:

JL (k) < ViE(k) < 6 (41)

In the following section, the system constraints will be
discussed.
For constraint (13), we obtain:
i e e T
j =11 1X;
= vixio; Ko Ty <vio Ty (42)

HAu]’

=|vie'Pis

Formula (21) is obtained from Lemma 1.
For output constraint (13), we obtain:

'~ e

i =i ~iT FiziT i2
H AY, <HCTTHT < AV (43)
and we further obtain:
CTC <7 T AR < Ay (44)
Output constraint (22) is obtained from Lemma 1.
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Theorem 1 provides a sufficient condition for the solvabil-
ity of the model predictive fault-tolerant control problem for
batch processes with interval delays. If the lower bound of
the interval delays is zero, then this control problem becomes
the corresponding control problem with constant delays. As a
special case of interval time-varying delay systems, the fol-
lowing corollary can be easily obtained from Theorem 1.

Set

3
= > Vitk +jlk)
o=
Vi, =xTPixl =x"0'P) ']
k—1

k—1
_ —iT ~k—1—rqizi _ —iT ~k—1—rpisp—i=i
= E Xy & Tlxrj = E X, & 0'T, Xy

r=k—d r=k—d
-1 k-1
i ST ~k—1—r 7 i
Vi=d Y, > §& TG,
s=—d r=k+s
1 k-1
7 SIT ~k—1—r i F—igi
=d ), ) 806,
s=—d r=k+s

(45)

Similar to the proof of Theorem 1, Corollary 1 can be
obtained. The content is represented as follows:

Corollary 1: If wi(k) # 0, then for specified constants
0<d<d 0 > 0,and 0 < o; < 1, if there exist
pos1t1ve definite symmetric matrices Pt ; T2’, G’z, T3i, Mg, Gg,
and Yl and positive real numbers 7', g, and &, such
that the following matrix inequalities are feasible for the
switching signal with an average dwell time that satisfies
inequality (23),

i1 Yo Y3 Tu Tis

1
* Yoo Tz Yoy O
* * Y33 0 0 <0 (46)
* * * Y44 0
* * * * Y55
[ a afc, 0
Tu=|a&cy —alMi-alGy, 0
i 0 O _elnl
) ‘PEA:‘T ‘YiT,BiBiT péAiT + &z:T_ﬁiBiT _ 135
T2 = T,AY nAJ
glGlT QiGiT
_ [BET o] _ [FTE 0
Y3 = 0 0, Y= 0 0],
| 0 0 0 0
r_ i o
~ Y[TR2 P,Q2
Tis = 0 0
| 0 0
—P! 0 0 &D
_ 2 Yo - a’
T22—|: 0 —d‘zG’21|’ 123 |:O é;Dl]’
Bl
-3 4]
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‘_/i - Miyi—l 47)
;il _%5]5 0 (48)
:-2;(%;1’? ‘DE_C;T] <0 (50)
where ¢! = —&ipé + Ti — &,’?Gé, \ill_ié = &,;, and

s e e d(14d)

V; = P| +dT| + —5—=G], then the robust model pre-
dictive fault-tolerant control problem with constant delays is
solvable, and the stable fault-tolerant controller gain in the
system is K/ = I_/lil_’z_i.

C. OPTIMIZATION ALGORITHM

In this part, we seek the controller design with the minimum
upper bound under the maximum disturbance. The optimiza-
tion problem at time k can be solved using the following
formula:

min o' (51)
Au(t+ilt,k+jlk),i,j>0

. ; ; . —1 X

subject to V'(k|k) < 6', namely, subject to [ i &),] <0

) 1 7
In (18), n' can be optimized. Since (18) is a bilinear inequality,
let ¢! = 6'n'; thus, ¢' is optimized instead.

_ o omin_ ¢

PTG T
M;3,G5. Y eq,8p

subject to (18 — 22) (52)

IV. SIMULATION

In this paper, fault-tolerant control for an injection molding
process, which is a representative multi-phase batch process,
is simulated. The injection molding process consists of five
phases: mold closure, injection, packing, cooling and mold
opening. First, during the injection phase, the molten material
is injected into the mold cavity until the cavity is filled.
Then, the system is switched to the packing phase, and the
polymer is filled into the contractions that are caused by
cooling and curing to realize the objective of packing. After
the packing phase, the cooling and mold opening phases
begin, in which the polymer in the mold cavity cools until it is
fully cured, and then the final product is ejected. The injection
rate and the packing pressure are the two main variables to
control because they have the largest impacts on the control
efficiency in the corresponding phases, and errors tend to
occur during these two phases. The injection rate and the
packing pressure are controlled by the degrees of opening
of the corresponding valves. When the mold cavity pressure
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reaches a threshold level at the injection phase, the system
will switch to the next phase, namely, the packing phase.

In this paper, the model is transformed into a switched
system, and the injection phase and packing phase of the
injection molding process are controlled based on the prin-
ciple of predictive fault-tolerant control under the conditions
of time delay, perturbations and actuator faults.

The injection phase is defined as the first phase, and
the packing phase is defined as the second phase. For the
injection rate IV at the injection phase, the packing pressure
NP at the packing phase and the valve opening degree VO,
the model is expressed as:

(1—0.9291z"" —0.03191z"2)IV = (8.687z~'=5.6172"2)VO
(1-1.317z7'40.3259z"2)NP = (171.8z7 ' = 156.822)VO
(53)

The model for the relationship between the mold cavity
pressure NP and the injection rate at the injection phase is
expressed as:

NP(1 — 771 =0.1054z"'1v (54)

For the injection rate IV, packing pressure NP and valve
opening degree VO in systems with real actuator faults,
the model is expressed as:

(1-0.9291z7' —0.03191z2)IV= (6.9507 ' —4.49472)VO
(1—-1.317z7" +0.3259; " 2)NP = (137.4z' —125.477%)VO
(55)

Denote xll(k) = 0.031911V(k — 1) — 4.4936VO(k — 1),
ul (k) = VO(k), y' (k) = NP(k), x*(k) = 0.3259NP(k — 1) —
125.44(k — 1), u*(k) = VO(k), yzl(k) = NP(k).

At the injection phase, the injection rate IV is set to
40 mm/s; at the packing phase, the packing pressure NP is set
to 300 bar. Under the conditions of an actuator fault and the
constraint conditions, the time-delayed extended state-space
fault model for the injection phase is:

09291 10 0.028(k) 0 0
x! (k+1)=[]0.03191 0 0 |+]| 0.018(k) 0 0 |]x'(k)
0.1054 0 1 0 00
0.002 00 8.687
+| 0.001 00 |x'(k—dk))+|—5.617 |au' (k)+w' (k)
—0.0021 0 0 0
yrky =[1 0 0]x'k)

(56)

and the input and output constraints in this phase are selected
as:

{ yl(t, k)| < 45 57)

lul(t, k)| <6
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The packing phase model is:

2o ([ 1317 17, [0.028(.k) 0T\ »
X (k+l)_<[—o.3259 0]+[0.013(r,k) OD" ®

0.002 0| , 171.8 2 2
+|:O.()01 O]x (k — d(k))+[—156.8 i|au (k)+w” (k)
vk =[1 0]x*k)

(58)
and the input and output constraints in this phase are:
2
V2@, k)| < 302
{ lu?(t, k)| < 0.6 (59)

where 6 (k) is a random variable that is within the range
[0, 1], « = 0.8, and the switching condition is G (x (k) =
350 — [O 0 l]x1 (k) < 0; hence, once the mold cavity
pressure exceeds 350 Pa, the system will be switched from the
injection phase to the packing phase. To examine the design
performance in this paper, we determine the initial control law
parameters. Then, MATLAB software is used for simulation.
The initial control law is obtained via Theorem 1 and its
optimization algorithm, and the controller gain is

K' = [-0.1060, —0.1141, 0, 0.0433, 0.1323]
K? = [-0.0015, —0.0012, 0.0004, 0.0013]  (60)

To evaluate the performance of the proposed method,
we compare it with that of the traditional control method [7].
In the traditional method, the controller design is of the
following form: u(k + jlk)) = K |:ic<(k +j|k)] (where

X'(k + jlk)
%/(k + jlk) is obtained from (7)). The sampling time of each
step is 5 ms. Two kinds of faults are selected here to analyze
the influence of faults on the control performance of the
system. One is a constant fault (case 1); the other is a time-
varying fault (case 2). The comparison results are as follows.

400

—proposed control-y
===conventional control-y |

aso} -

3oo} -
= 250
2 200
]

© 150

100} -

50f. .

0 50 100 150 200 250 300
step

FIGURE 1. An output comparison between the proposed control and the
traditional control strategy under constant faults.

Under case 1, « = 0.8. The results are presented
in Figs. 1 and 2. As shown in Figs. 1, under the proposed
control method, the system fluctuates less, output tends to
stabilize more quickly at the second phase, and the phase run-
ning time is shorter. The operation time of the first phase is 88,
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== proposed control-u
===conventional control-u

0 50 100 150 200 250 300
step

FIGURE 2. An input comparison between the proposed control and the
traditional control strategy under constant faults.

: Proposed control-y
350F - | ==~-Traditional control-y |

0 50 100 150 200 250 300
step

FIGURE 3. An output comparison between the proposed control and the
traditional control strategy under time-varying faults.

-d

——Proposed control-u
===Traditional control-u

0 50 100 150 200 250 300
step

FIGURE 4. An input comparison between the proposed control and the
traditional control strategy under time-varying faults.

while for the traditional control strategy, the operation time of
the first phase is 93. In addition, According to Fig. 2, under
random perturbations, both the predictive fault-tolerant con-
trol strategy and the traditional control strategy can enable the
system to stabilize at the injection phase. However, from the
94th step, according the input chart, the system that adopts
the predictive fault-tolerant control strategy is switched more
stably at an earlier time, and the range of the curve’s fluctua-
tion is smaller. Figs. 1 and 2 compare the output and input for
a fault of 0.8. We present the comparison results under other
fault conditions in Figs. 3 and 4. Here, the time-varying fault
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;with ﬁme delay-y
===without time delay-y

0 50 100 150 200 250 300
step

FIGURE 5. An output comparison with and without time delay under the
proposed method.

= with time delay-u
===without time delay-u

0 50 100 150 200 250 300
step

FIGURE 6. An input comparison with and without time delay under the
proposed method.

is chosen, and « = 0.6+ 0.2 sin(k) (case 2). According to the
two figures, although the control performance of the system
has decreased, the control target can still be attained. In
addition, to analyze the impact of a time delay on the system
control performance, the parameters of systems with a time
delay and those without a time delay are compared under the
predictive fault-tolerant control strategy that is proposed in
this paper, as shown in Figs. 5 and 6. The two figures present
the comparison results of output y and input u for systems
with and without a time delay. The system with a time delay
is characterized by lower control performance and larger
fluctuations in the output and input at the time of system
switching; however, the system ultimately stabilizes under
the predictive fault-tolerant control strategy. The comparison
results demonstrate that the time delay affects the control
performance of the system.

In the common control method for a batch process, the pro-
cess is regarded as a two-dimensional (2D) system, and
its tracking control via the iterative learning control (ILC)
method is studied. Here, we compare our proposed method
with this method (2D-ILC). The tracking error is selected as

o0
> eT'(k)e(k). The comparison results demon-
k=0
strate that the output has a short running time in each phase
when the method proposed in this paper is used, but the

DT (k) =
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o
o

— proposed control
===2D-ILC

350

300

> 250

2 200

£

=

© 150
100

50

0 50 100 150 200 250 300
step

FIGURE 7. An output comparison between the proposed control
and 2D-ILC.

1400
i = proposed control
1200} { ===2D-ILC
H
1000F &
Ll
:I
g 800 :=
= i
o soofi;
N
=|
400 ll|
[ ]
200f; !
13
c L
0 20 40 60 80 100

batch

FIGURE 8. Tracking performance comparison between the proposed
control and 2D-ILC.

fluctuations are larger at the initial time and the switching
time. According to the comparison of the tracking perfor-
mance, the tracking error of our proposed method is small,
as shown in Figs. 7 and 8. The predictive fault-tolerant con-
trol strategy proposed in this paper can ensure high system
stability and satisfactory control performance.

V. CONCLUSION

In this paper, an Hy, -model predictive fault-tolerant con-
trol strategy is proposed for multi-phase batch processes
with interval time delays and actuator faults. The solvabil-
ity condition for ensuring that the system’s output tracks
the specified output is constructed in the form of LMIs.
In addition, a switching law has been proposed. The results of
the injection molding process simulation demonstrate that a
time delay impacts the system stability; however, the control
strategy that is proposed in this paper ensures that the system
can still operate stably under these conditions. In addition,
compared with traditional control methods, the simulation
proves that the control strategy that is proposed in this paper
can realize reduced fluctuations in output, input and their
increment; faster convergence; shorter operating time of the
first phase; energy conservation; and emission reduction.
From a long-term perspective, the method that is proposed
in this paper can serve as a reference for the design of
energy-saving controllers.
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