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ABSTRACT A robust asynchronous switching fault-tolerant control method is proposed to solve the
problems of uncertainties, unknown disturbances, time-varying delays and partial actuator failures in
multi-phase batch processes. Firstly, an asynchronous system composed of subsystems with different
dimensions including stable and unstable case is established to describe such multi-phase batch processes
more accurately. Then introducing the output tracking error, the established switching model of different
dimensions is extended. On this basis, a robust asynchronous switching fault-tolerant control law is designed,
which improves the system’s ability to cope with negative factors such as actuator failure and can obtain
greater adjustment freedom. Secondly, by using relevant theories and methods, the sufficient conditions in
the form of linear matrix inequality (LMI) are given to ensure the exponential stability of the system and
the asymptotic stability at each phase. By solving these LMIs conditions, the shortest running time under
stable case, the longest running time under unstable case and the control law gain of each phase are obtained.
Finally, the effectiveness and feasibility of the proposed method are verified with injection molding process.

INDEX TERMS Asynchronous switching, fault-tolerant control, time-varying delays, multi-phase batch
processes.

I. INTRODUCTION

With people’s increasingly personalized and diversified
needs, batch processes with high adjustability and small-scale
are more popular. It has been widely used in many fields
such as chemistry, pharmacy and injection molding. In view
of the high accuracy and complexity of the control of batch
process, a good deal of more mature control method applied
to continuous processes are difficult to effectively control the
batch process. How to make batch process run efficiently
and stably has attracted extensive attention from scholars and
researchers at home and abroad [1]-[5].
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The modern batch processes are becoming more and more
complex. And the actual production processes are affected
by many uncertain factors, such as equipment wear and tear,
line aging and changes in production environment, etc. There-
fore, uncertainty, unknown disturbances and time-varying
delays are problem that have to be considered. Liu et al. [6]
considered the influence of uncertainties, unknown distur-
bances and time-varying delays in the study of robust model
predictive control based on matrix inequality. Shi et al. [7]
considered the problems caused by uncertainties, unknown
disturbances and time-varying delays in the robust model pre-
dictive control for industrial processes. However, compared
with problems such as uncertainty, unknown disturbances
and time-varying delays, the impact of failures on the sys-
tem is more fatal. Considering the continuous high-intensity
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operation of production equipment and corresponding control
systems. The control system will inevitably break down.
Caccavale et al. [8] put forward a comprehensive judgment
scheme using redundant temperature measurement combined
with state observer. Kerkhof ef al. [9] proposed a fault diag-
nosis scheme based on dynamic model for batch processes.
Wang et al. [10] proposed a scheme based on dynamic event
trigger fault estimation and sliding mode fault tolerance con-
trol. The above [8]-[10] on fault research are fault detection
methods, and there is no in-depth study on how to deal with
faults. Usually, the fault can be divided into sensor fault, sys-
tem internal fault and actuator fault. The actuator is the part
with the highest intensity and frequency in the whole system,
so the failure of the actuator is also the most common. If the
failure of the actuator cannot be dealt with effectively and
promptly, it will degrade the performance of the control sys-
tem. In the worst case, it will cause production stagnation and
even casualties. Therefore, the study of fault-tolerant control
has more practical significance [11], [12]. Wang et al. [13]
adopted a fault tolerant control method of iterative learning
in the batch process. Zhang et al. [14] proposed a minimum
quadratic linear fault-tolerant tracking control scheme for
batch process. Shi et al. [15] proposed a robust constraint
model to predict fault-tolerant control for industrial processes
with actuator fault. Shi ef al. [16] proposed a fuzzy predic-
tive fault-tolerant control method for nonlinear system with
partial actuator failures. In [13]-[16], in view of the problem
of partial actuator failure, the control method adopted is
to introduce the failure factor into the controller design to
overcome the effect of actuator failure on the system. Further-
more, time delay is also an important factor affecting system
stability and control performance. It is common to adopt
iterative learning fault-tolerant control method for batch pro-
cesses with time delay and failure. Wang et al. [17] proposed
a two-dimensional robust iterative learning fault-tolerant
control (FTC) method for batch process with time delay
and actuator failures. Wang et al. [18] put forward an itera-
tive learning fault-tolerant control method considering uncer-
tainty and cost function in controller design. Tao et al. [19]
proposed a fault-tolerant iterative learning control method for
batch processes with actuator failures and differential time-
delay. Wang et al. [20] developed a fuzzy iterative learning
fault-tolerant controller for batch processes with time delays
and actuator failures. These studies [17]-[20] aim at the batch
processes with time delay and actuator failures and obtain
a better control effect. But their research focuses on the
single-phase batch processes.

In the actual industrial production, the batch processes are
mostly multi-phase. Wang et al. [21] proposed a robust iter-
ative learning fault-tolerant control method for multi-phase
batch processes (MPBP) with actuator failures and uncer-
tainties under the framework of a two-dimensional theory.
Shen et al. [22] proposed a two-dimensional iterative learn-
ing fault-tolerant control method for MPBP with time delays
and failures. Wang et al. [23] proposed a two-dimensional
robust mixed iterative learning method with guaranteed cost
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for MPBP with time delay, disturbances and actuator failures.
In the above research on MPBP with failures [21]-[23],
iterative learning control method is adopted. If there are
non-repetitive disturbances in the system or batch length is
inconsistent, the control effect of iterative learning control
method will be greatly worsened. Yu et al. [24] proposed
a robust predictive fault-tolerant control method for MPBP
with time-varying delays, uncertainty and disturbances. This
control method can effectively solve the problem of incon-
sistent batch length in the iterative learning control method.
However, the above [21]-[24] adopt the control method of
synchronous switching. Due to the influence of some uncon-
trollable factors in the actual industrial production process,
the system state and the controller are difficult to keep in
sync, i.e., the model and controller is mismatched. There-
fore, Wang et al. [25] proposed an iterative learning control
method for multi-phase batch processes with asynchronous
switching. However, the control scheme in [25] uses the same
control law from beginning to end. Hence it cannot to deal
with the deviation of the system state.

To sum up, a robust model predictive fault-tolerant control
method is proposed for MPBP with uncertainties, unknown
disturbances, interval time-varying delays, and partial actu-
ator failures. Based on model-dependent average dwell time
method [26]-[29], Lyapunov stability theory and switching
theory, the sufficient conditions with linear matrix inequal-
ity (LMI) form are given. By solving these LMI condi-
tions, the control gain of the system, the shortest running
time (SRT) for each phase of stable case and the longest run-
ning time (LRT) for each phase of unstable case are obtained.
Depending on LRT of the unstable case, we put the switching
signal in advance. It can ensure that the model matches the
controller, and the stability is avoided. Compared with other
studies, the contributions of this paper are as follows.

(1) A switching model of extended state space containing
stable and unstable conditions at each phase is established
to describe a class of MPBP with time-varying delays and
partial actuator failures. Based on this model, a robust model
predictive fault-tolerant control law is designed, which can
effectively improve the control performance and improve the
degree of freedom of the system.

(2) When the switching occurs, the model has completed
the switching. However, it is difficult for the controller to
switch in time due to some factors such as system identifi-
cation speed, signal transmission blocked. This will lead to
a mismatch between the model and the controller. Compared
with literature [21]-[24], the asynchronous switching method
proposed in this paper is more in line with the actual situation
of industrial application. By calculating the LRT under unsta-
ble case, the switching signal is given in advance to match the
model with the controller. The smooth operation of the system
can be ensured.

(3) Compared with the asynchronous switched method
in [25], the method proposed in this paper can effectively
deal with the problems of non-repetitive disturbances and
inconsistent batch length in the system. Furthermore, [25]
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has cannot to deal with the deviation of the system state. The
control scheme in [25] uses the same control law from begin-
ning to end, and the deviation of the system state will become
larger and larger as time goes by. The method proposed in
this paper can solve the control gain in real time to avoid the
increase of system deviation over time.

Il. PROCESS FORMULATION

A. ESTABLISHMENT OF MODEL

For a MPBP with uncertainties, unknown disturbances and
time-varying delays, a state space model is proposed to
describe it as follows.

KOk +1) = ATOU)x k) +AT P tox"® k — d(k))
+B 0O ) + " (k) (D
yl"(k)(k) — Cl"(k)xl"(k)(k)

where x"® (k) € R uFO %) ¢ R Ty e g
and " ® (k) are the system state, control input, system output
and unknown disturbances at the discrete-time k, respec-
tively. d(k) represents the time-varying delays based on dis-
crete time k, which satisfies

dp = d(k) < du @

where dy and d,, are the upper and lower bounds of the
time-varying delays d(k). I'(k) is the signal of whether the
system has a switchover, which satisfies I'(k) : RT — p :=
{1,2,3---, P}, pis the phase of the system. In the pth phase,
the sub-model of the system is A”(k) = AP + AL(k) and
Al (k) = Al + Al (k), where AP, A}, BP and C? are the con-
stant matrices matching the system dimension, respectively.
AP(k) and AZ,(k) are the uncertain matrices matching the
system dimension respectively, which can be expressed as
follows.

[ADk) AL ()] =NPAP(K)[HP  HY]  (3)

AP (k) AP (k) < 1P )

where N”, HP and H(I; are constant matrices. A”(k) is the
uncertainties under the discrete time k.

When I'(k) = p, Eq. (1) can be rewritten as Eq. (5). Con-
sidering the problem of asynchronous switching, we divide
each phase into stable and unstable cases. Eq. (5a) is the
model of the stable case at pth phase and Eq. (5b) is the
model of the unstable case at pth phase. Therefore, Eq. (1)
is transformed as follow form.
xP(k + 1) = AP(k)xP (k) + AL (k)xP (k — d (k)

+ BuP (k) + P (k) (5a)
Y (k) = CPxP(k)
xP(k + 1) = AP(k)xP (k) + AL (k)P (k — d (k)

+ B (k) + P (k) (5b)
W(k) = CPxP(k)
Furthermore, in the actual industrial production processes,

controller failure is inevitable because of long-term continu-
ous operation. Therefore, the actuator cannot get the correct
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calculated value and operate normally. In general, actuator
failure includes three types, namely partial failure (o > 0),
complete failure («” = 0) and stuck failure («? > uh).
Because of the latter two kinds of failures, the system cannot
be operated, so the case of o > 0 situation is studied
emphatically. The following equation is defined.

WPt (k) = oPu (k) (6)

0<o <ol <o @)

where u”(k) is the control input of the controller, u”* (k) is
the control value in the case of partial failure of the actuator,
oP <1 and &” > 1 are known scalars.

To improve the control performance of the controller in
case of failure, the following equation is introduced.

pr= A o ®)
2 ol + af

Combining Eqgs. 6-8, the following equation can be

obtained.

of =17+ of)B’ 9
with
oo =By <17

After considering actuator failure, the state space model
describing MPBP in the pth phase is rewritten as:

xP(k + 1) = AP(k)xP (k) + AL (k)xP (k — d (k)

+ BPaP i (k) + oF (k) (10a)
y(k) = CPxP(k)
xP(k + 1) = AP(k)xP (k) + AL (k)xP (k — d (k)

+ B’ (k) + o (k) (10b)
W (k) = CPxP(k)

Due to each batch contains multi-phases, switching
between phases is inevitable. Therefore, the system states of
the two adjacent phases meet the following equation.

(TP = WP~ (TP Y (11)

where NP represents a state-transition matrix between the
p-1th phase and the pth phase.
If the switching occurs between adjacent phases,
the switching conditions are as follows.
Py +1 i y" O k) <0

Fk+1)= (k) other (12)

where yT®*1(x(k)) < 0 is a switching condition that deter-
mines whether a switching has occurred.

Since the system must switch between two phases, and the
switching time is also a key factor affecting the system,
the relationship between the time of each switching point and
the switching conditions can be expressed as the following
equation.

TP = min {k > TP P (x(k)) < 0} L T0=0 (13)
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In the pth phase, 775 and TPV are used to represent the
switching time of stable case and unstable case in the same
phase. In order to more clearly describe the multi-phase batch
process with asynchronous switching, a time series is defined.
It contains the switching point and the completion point of the
adjacent phase in a batch.

> =@t raty. @, vy, ¥, ra)),

@V, 0@, -, (@Y, (@), (TP, T(T7)))

(14)

where (TPY, I'(TPY)) refers to the unstable switching point

in the pth phase caused by the controller switching untimely.

(TPS, T (TPS)) refers to the point where the controller has
completed the switching.

And the switching time of the two phases are satisfied
TPS —TPU > rg, L ) tf,, where rg and rf] are
the SRT of the stable case and the LRT of the unstable case,
respectively.

B. EXTENDED STATE SPACE MODEL

To reduce the steady-state error of the system and improve
the regulating ability of the controller, an incremental state is
adopted. And output tracking error is introduced to establish
a new state-space model as shown in the following equation.

5k + 1) = AL ()RS (k) + AL (x5 (k — d (k)
+ Blo? AuP (k) + G &l (k)

AY (k) = CPxPS(k)

P5(k) = 'S (k) = EPZPS (k)

Uk + 1) = ALY (k) + AL, ()xPY (k — d(k))
+ Bio? AuP =V (k) + GRaf (k)

AY (k) = CPxPY (k)

Y (k) = e’V (k) = EPZPY (k)

(15a)

(15b)

where
ew=[E0] ew-[50],
[ AxPS (k — d(k))
| ek —d k) } ’
[ AxPY (k — d(k))}
| Yk —dk) |’

XSk — d(k)) =

Yk — d(k)) =

AL(K) = AY + AL (),

AP 0
a Ai = :|’

CPAP ]

p
AP (k) = NP AP(HY, AL, = [ Aq 0},
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S (k) = (AP(k) — AP(k — D)xP(k — 1)
+ (k) — ALk — 1))
xPk —1—dk — 1)) + A (k),
@Y (k) = (AP(k) — AP(k — D)xP(k — 1)
+ (AD (k) — ALk — )P (k — 1
—dk — 1)+ AdP(k),
AP (k) = P (k) — P (k — 1).

And 9P(k) is the setpoint of the batch processes in the
pth phase. The output tracking error of the batch processes
are defined as e” (k) = y’(k) — 97 (k). The following equation
can be obtained.
ek + 1) = " (k) + CPAP (k) AxP (k)4 CP B (k)ol’ AuP (k)

+CP& (k)
Uk + 1) = e’V (k) + CPAP (k) AxP (k)
+ CPBP (K)o AuP~ (k) + CPaPY (k)

Hence, the model of the extended system in two contiguous
phases meet the following equation:

AxPTNTPY] NP AxP(TP)
NPy | T | CPRP(AXP(TP) 4 xP(TP — 1)) — 9P ]
il AXP(TP)
= [Cpmp}[l 0][ eP(TP) ]
0
* [szw’xp(Tﬂ — 1) — et } (16)
where

- 9P 0
N = |:Cpml7j| [I 0] . M= [CPmeP(TP -D- 191’+1i|’

then X1 (k) = RWPxP (k) + YP.

Remark 1: In order to clearly show the design idea of the
controller in this paper, a block diagram of each batch is
given. As shown in Figure 1.

IIl. DESIGN OF FAULT CONTROLLER

In this section, a robust asynchronous switch fault tolerant
controller is designed to keep the MPBP stable during switch-
ing and occurring failure. Then the SRT of each stable case
and the LRT of each unstable case can be solved by the
following theorems. The proposed control method can not
only guarantee the stability of the system in the event of
failure, but also guarantee the smooth stability of the system
when switching between two adjacent phases.

A. DESIGN OF THE FAULT-TOLERANT CONTROL LAW
UNDER ASYNCHRONOUS CONDITION

The fault-tolerant control law based on the Eq. (15) in the
stable and unstable cases are designed, the following equation
can be obtained.

AW (k) = KP75 (k) = K [é;sp((:))] (172)
A= (k) = KPRV (1)
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=K <(-‘R’”)_1 )+ () wﬂ)
= k/! (sﬁp—l)_l [iﬁ’(’g)]

kP! (W’*‘)_l rr-l (17b)

where K] and K} ~! are the control law gains of the system
in the phase pth and phase p-1th, respectively.

Due to ¥*~ (k) = (W~H~1 . xP(k) — wp—H~1 . yr—1 <
RP~H=1 . 3Pk), TP~ > 0, the following equation can be
obtained by scaling the Eq. (17b).

A=k < KPR (k) (18)

Therefore, the Eq. (18) is substituted into the Eq. (15) to
obtain the state space model of the closed-loop system in the
stable case and unstable case. The following equations can be
obtained.

Sk + 1) = AL ()5 (k) + Al (x5 (k — d (k)
+ BY (k)o? AuP (k) + GR (k)

AY (k) = CPxPS (k)

P5(k) = S (k) = EPZPS (k)

Yk + 1) = AL()xPY (k) + AL (O)xPY (k — d(k))
+BY ()oK o) TR (k)
+ GLaf (k)

AY(k) = CLRPY (k)

2V (k) = &'V (k) = EL 3V (k)

(19a)

(19b)

B. DEFINITIONS AND LEMMAS
Due to design requirements, the following definitions and
lemmas are given.

Definition 1 (Robust MPC Problem): In order to achieve
the robust predictive control objective of batch processes with
asynchronous condition, the following performance index of
the robust predictive control are considered:

min_ max JC’)’O
AURFDEZ0 by ALkt BPleQ.iz0
x
JP (k) = Z [ (k + ilk) T 0P (& (k + ilk))
i=0
+uP (k + i|)k)TRPuP (k + ilk)] (20)

where Q” > 0 and RF > 0 are the weighting matrices of
the pth phase for system state variables and the control input,
respectively. x”(k +i|k) and u” (k +i|k) are the state and input
of the system at time the k + i predicted by at the time & in
the pth phase.

Definition 2 [26]: In a batch process, k satisfies k =
0O > d = Tg for any discrete time. N’lis(d , O) denotes
the number in the time interval [d, O] for the switching
signal I appearing in the pth phase of each batch. 1’5
represents the running time of the system during a sin-
gle stable case in a batch. In conclusion, we can get
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[7

NP, 0) < N§ + 552
N

r_g > 0. Similarly, the switching number of the system in

P
unstable case can be obtained as N’liU d,0) < Ng + M,

, where Ng is chatter bound and

where Né’ is chatter bound and IZ > 0.

Definition 3 [27]: Given a scalar r’ > 0, the asymptotic
stability of the system with unknown disturbance @”(k) can
be guaranteed, and the output z”(k) of the system can also
satisfy ||Z”]] < rP||@P||. The discrete-time robust Hy, perfor-
mance is considered.

Lemma 1 [28]: Consider the matrices W, L and V of the
appropriate dimensions, where W and L are real matrices,
and the following formula can be obtained.

LTVL — W <0 1)
if and only if
-w LT -v- L
|: L _V_1i|<0 0r|: I _Wi|<0 (22)

Lemma 2 [29]: For any vector S_(k) € R", two positive
integers ko, k1, and matrix 0 < R € R"™", the following
inequality holds.

K1 K1 K1
~(ke1 = ko +1) Y FTWRS(K) < — Y §TRRY 5T (h)

=k =Ko =Ko
(23)

Lemma 3 [30]: Let D, F, E and M be real matrices of appro-
priate dimensions with satisfying M = MT, then for all
FTF <1

M +DFE +ETFTDT <0 (24)
if and only if there exists ¢ > 0 such that

M+ 'DDT + ¢ETE < 0 (25)

Lemma 4: For the pth phase, it will ensure the sub-system to
be asymptotically stable, if the Lyapunov function V”(x;(k))
can be found and satisfy the following conditions:

1) VP(x1(k)) > 0 for Xx(k) € R» 1", and VP(x(k)) = 0 <
x(k) =0;

2) VP(x(k)) = 00 < [Ix(k)|| = oo;

3) For any bounded condition, 0 < B < 1

VPG(k + 1)) < BPVP(x(k)) (26)

C. MAIN THEOREM AND COROLLARY

In this section, the robust predict fault-tolerant control law
is designed, including two theorems and the corresponding
proof. Theorem 1 is a sufficient condition to ensure the
stability of the MPBP with uncertainties, time-varying delays
and partial actuator failure. Theorem 2 considers unknown
disturbances on the basis of Theorem 1.

Theorem 1: The considered system (19) with @ = 0 is the
asymptotical stability in each phase and exponentially stable
in a batch, if there are some scalar 0 < g,‘f <1, ng > 1,600 >
0,0P~! > 0,0 < d, < dy,some positive definite matrices
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- ApU U U U U
orS RPS, QP—DU Rw=DU "some positive definite symmet- AR Asz AT AT A
ric matrices PpS Tps les GpS LI;S SPS Sps Mp MPS * Nz)z OU 0 0
XPS XPS ,BpS YpS P(p W T(p nu M(P 1>U G(P I)U ’3 % * A§3 OU 0 <0 (28)
YI’U L(p HU S(p l)U S(p l)U M(p ])U M(p l)U X(p l)U * * * A{"4 ASU
Xép o eR("*+”f) andsomescalarsels,sgs,elfU egU,é?P Lo* * * * 55
0, M}j > 1,0 < ,u,g < 1, so that the following LMIs hold. S - SoS oo
vy, (k) = MpV 1 (x1(k))
[ AT A':; APS APS - APS V, Gi(k) < pp V) (F1(K)) (29)
* A 0 0 0 V) k) < ) Vi k)
* « A0 0 [ <0 (27
* * * APS 0 -1 T (k|k)
44 _ <0 30
B * * *  APS [xf’(klk) P = (30)
r .pS N
S ¢y 0 (o)™ Ly
A =1 (st 0 :
x * —(3)yM (M%) + (X]))
) LPSA”T S O o) A VOV VAT (el i) Ve
P __ pS pT pS pT
A = S Ak S Agk ’
— 1 ST 1 S T ST
pS LI; (QPS)Z Yf (RPS)Z pS pS LfSHpT Ylp ﬂpS
A13 = 0 0 ’ A14 =A|5 = S[f Hgk 0 ’
) 0 0 0
" pS | _pSApaAPT | PSP aPS\2 ppT
APS _ | TLT HETNING + ey BU(Bg ) By s : 0 T s P
=0 0 —X7P (D)~ + NN + ey By (B By
[ —grrr 0 —ePSpp 0
S _ S _ APS _ 1
AL = 0 _91’117] A = AL _|: 0 _SpS[p:|’
¢ 0 (mLyDY
p
AV =1 s (s 0 :
| = * —(yi (DY) + x PP
—D)U ,pT DU (1 _ T HU ,pT “DU froap— I INT f p—\T T —DU
L0 VA LD (T ()T g LA L ) () T
APY = (p—DU ,pT (p—DU ,pT ,
12 S Agk S Agk
0 0
“DU , A(p—1)U L U e VT (o INT DU L
y Lgp ) (Q(p 1)U)2 L%P ) ((mp 1) 1) (Kp 1) (R(p 1)U)2
A11?3 = 0 )
0 0
L(P 1)UI{PT LEP*UU ((mp—l)—l)T (Kp—l)T ,BPU
U _ ApU _ 1 T
A,1)4 _A11]5 - S(p )UHp 0 ’
0 0
-HU U U2 ppT
v | 7L NN BB . o
2 0 =X\ O NI+ 5By B
AU _ [t 0 AU aU_ | e 0
33 = 0 —gr—1p—1 > 44 — fr55 = 0 _8]27U1p ’
N S S S S N
o = oLl + MY + DRSE + 500 — (M x”,
¢]17U gp Lip nu +M?(’p*1)U +D}17S§P Hu +S§p*1)U _ (g;/)dMXZ(P*I)U, D117 — (dM _ dm + l)Ip, Dg — (dM)ZIp
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PS ADPS ApS ADPS ADPS APS ApU ApU ApU ApU
where AY[, A5, A 3,A14,A22,A33,A11 ,A12 ,A13 ,A14 ,

A’Z’ZU s A';é] , and ¢f as shown at the bottom of the previous
page.
In Eq. (27) and Eq. (28), “x” is derived from symmetry
and “0” is the zero matrix of the corresponding dimension.
The SRT of stable case and the LRT of unstable case in
each phase are as follows.

S

Tp>_ln“1ﬂ

5= Ingy
InpY GD

u

Lo

v-= Ing!

Proof 1: When c?)i = 0, the proof of the stable case and
unstable case of the MPBP in the pth is as follows.

The stable case of the pth phase is proof:

Firstly, the asymptotic stability the uncertain discrete-time
closed system (19) with w(k) = 0 are proved. When there
is no disturbance in the system, according to Lemma 3,
the Lyapunov function and robust performance indexes of the
system meet the following equation:

VGEPS(k + i+ 11k) — VES (k + ilk))
< —[@5(k + ilk)" Q" (¥ (k + ilk)
+ AuPS (k + ilk)TRPS AuPS (k + ilk)] (32)
Accumulating left and right sides of Eq. (32) from i = 0

to oo and requiring that V()'cfs(oo)) = 0 or J_cfs(oo) =0,
the following equation can be obtained:

IS (k) < V(& (k) < 67 (33)

where 67 is the upper bound of J fos (k).
The selection of Lyapunov-Krasovskii function can be
expressed as follows.

5
VSl +i) = Y VI QP (k + i) (34)
j=1
where, to simplify, define
Mk + i) = Xk + i — d(k + i),
%,k +10) = I (k +i—dy),
Flk+i=xk+i+1)—xPk+10),

. -pT . -pT . -pT . T
Pk + i) = [xp h+i k4 i) de(k+z)] :
VISl + ) = Tk + PP (K + i)
= T k+0oP (L) 7k + i),
k—1
VIE@k+in =Y e+ TR + i),
r=k—d(k)
k—1
VE@ Uk +in =Y &0+ i) MR o+ i)
r=k—dy
k—1
= Y e+ ey !
r=k—dy
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xxP(r +1),
—dm k-1 S
Yo > o+
s=—dy r=k+s
x xP(r +1)
—dm k-1
Yo # 4 rer
s=—dy r=k+s
x (ST TIRP(r + i),

-1 k—1
VE@E@GKk+iN=dy Y. Y T+
s=—dy r=k+s

x GIO8P(r + i)
-1 k—1
=dy Y Y. &Tr+ig) T
s=—dpy r=k+s
x 0P (XP) 18P (r + i),

VIS P (k + i)

P 5. T’ S MY S, My S and G/ S are positive definite matrices.
Let

§/(k +1) = [# 0+ 0T Tk +i—dh)"
Pk + i — 1)T] ,

1//11”S=diag[P‘1’S T{’S M{’S

Pk +i—dy)'
du G’ ] :
()™ = diag [ @)~ (&) @ty
du (x5 ]
Therefore, the following Eq. (35) can be obtained.
Vo @k + ) = 87Tk + DY EP (K +1)
= EPT(k 4+ DoP(IIPS) &P (k + i) (35)

By multiplying Eq. (35) with differential operator A, the
following expression is designed.

AV @ (k + i) < VSE(k +i+ 1) — ¢y Vs @ (k + i)

5
=y AV;’S GP(k + i) (36)
Jj=1

where

AV Rk + i)
= Tk +i+ DO Rk +i+ 1)
— e + DO IR (K + i),
AV P (k + 1))
k
r=k+1—d(k+1)
k—1
= Y S+ i) T TS T R + )
r=k—d(k)

T+ iSO ST (r + i)
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k—1
= 2
r=k+1—dy
+ 3k + 007 (ST) T R (K + i)
k—1
— Y SHT + i T TP )T R + i)
r=k—d,y,
= Tk +DeP(SP*) %P (k + i)
— 2Tk + ()M oP(ST )T\ F (k + i)
k7d111
+ Y e+ TS TR o+ i),
r=k—dy+1
AVESGP(k + i)
k
= Y e+ M)+ i)
r=k-+1—dy
k—1
— Y G+ T M) R (r + )
r=k—dy
k—1
= > e+ el w6 + i)
r=k+1—dy
+ 3Tk + DOP (MY ) 7P (k + i)
— Tk + ()M OP ML) TITL (ke + i),
k—1
r=k+1—dy
= Tk + DeP ML) P (k + i)
— 30Tk + i MOP ML )R (k + i),
AV P (k + 1))
—dp k
= Y > e+ oS o + i)
s=—dpy r=k-+s+1
_dm k—1
= 33 ST i ST (4 i)
s=—dyr=k+s
< (dy = dy + DTk + DOP (ST )17 (K + i)
k_dnl
= Y e+ ST o + i),
r=k—dy+1
PS =p .
AVES (P (k + i)
—1 k
=dy Y. > e +ie)Trerxy)T!

s=—dy r=k+s+1

T+ e T oP ST TR (r + i)

ST + eI ME ) TR (1 + i)

-1 k—1

P+ —dy Y Y s+ i) T
s=—dpy r=k+s

PP (r 4 )
= d26" (k + 0P (XI°) '8P (k + i),
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According to Lemma 2, the following expression can be
obtained.

AVES @k + 1))
< dy8" (k + e (XP) 7 P (k + i)
k—1 k—1
— > #Te+ i) e Y 8+
r=k—dy r:k—t}M

< dy Gk +i+1) =2k +D))TOPE) T @ U+ i+ 1)
— %k + )= (k + )=, (k+ )T () Morx)™)™
GP (k4 i) = % (k + 1)) (37)

Based on the Eq. (32), it holds that
O AVIE (k + ilk)) + 0" I (k) <0, (38)
where

TIPS (k) = P (k + ilk) O (&P (k + ilk))

+ (AW (k + ilk) R

AuPS(k + i]k) is the optimal performance index.
Considering Eqgs. (36)-(38), the following expression can
be obtained.

O TAVIGP(k + i) + (07) TIPS (k) < T (k) P P (k)

o 0 (65 (%)~
=k —(gHMESHTT 0
x 0 —(H MMy + (X))

+A11>ST(L§;S),1A;1;S n A‘;ST(D’;S)Z(XfS)*IAgs
T L oYL
B =~ W ST a8y DRy
— (s (xPH)~1,

oo
A =[apw AL o],

A = [Apw -1 AL o]
PUANSS _(QII’S)% 0 O],
WS = RSP 0 0]' 39

According to the Lemma 1, it can be expressed as the
following LMI form (40), as shown at the bottom of the next
page.

Pre- and post-multiplying LMI condition (43) by
diag[ LV s7S XPS 1p [p [P 7] and let L M%)~ 'L =
1‘4?1’757 L[])S(SES),lLfS — SgS, LfS(XfS),lLfS — ng, X{)S
M2 'xP® = M KPS = yPS ), the following
equation can be obtained.

According to Eq. (41), as shown at the bottom of the next
page, and Lemma 3, the Eq. (27) can be obtained.

The unstable case of the pth phase is proof:

When the MPBP under the asynchronous condition,
the state of the system has been switched, but the controller
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of the system has not been switched. Therefore, the control
law K,f ~!is a known quantity. Similar to the stable case,
the unstable phase proved by Lemma 4 satisfies Vﬁ (e (k +
1)) < ng V7 (% (k)). Similar to the proof of steady case,
the following Lyapunov-Krasovskii function can be obtained.

VY@K + i) = ek + iyl Vg (k + i)

= &Mk +poP (P 'eP(k +i)  (42)
where
EP(k + i) = [x”(k 0T XP(k +i—d(k)T
Pk +i—dy)" 8Pk +i— I)T]
wa = diag[P(lpfl)U Tl(pfl)u prfl)u

G ]
Uyt = diag [ (L) 5Py
e R e

The incremental form of Eq. (42) can be obtained as follow.

AV P+ D) < V) @+ i+ 1) = ) V) @k + )

5
=Y AVPYEP(k + i)
j=1

(43)

where
AVPY Gk + i)
=Tk +i+ DL ") Rk +i+1)
— 37k + Do (L) T Rk + i)
AVEY @k + i))
k
r=k+1—d(k+1)
k—1
— > ST+ i T TR # (r + i)
r=k—d(k)
< #T(k 4+ DOP (ST 5P (k + i)
— 2Tk + i)(s5)MOP(SP) IR (K + i)
k—d,,
+ > #Te ) eS¢ + i)
r=k—dp+1
AVEY @ (k + i)
k
= Y e+ M)+ i)
r=k+1—dy
k—1
— > S# e+ i) T e ML TR + i)
r=k—dy

T+ iSO ST (r + i)

1 1 n
o 0 (e A (AL = DT (@2 (@) TR
s —(g3)h (s 0 ATy AP (k) 0 0
% % ~(yM (M + &0 0 0 0
* * * —Lfs 0 0 0 <0
* * s x*  —(DH)~'xrS 0 0
* * * * * —orry 0
| x * * * * * —orrr 1
(40)
K8 0 () Ly LS AT ) + v B (k)
£ —(g3yms 0 SPSADL ()
x x — (g3 (MY + (X}°)) 0
* * * —Lfs
% % k *
% % k *
S * * *
LA+ P -1 el TR ]
ST AL, (k) 0 0
0 0 0
0 0 0 <0 (41)
— (Db~ 1x?® 0 0
* —oPP 0
* * —Qrrp 1
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= Tk + DoP (M5 )% (k + i)
— 2Tk + i) M OP (M) (k + i)
AVPY @ (k + i)
—d,

=Y Z T + (e O SP)TIR(r + i)

s=—dpy r=k-+s+1

—dy  k—1
33 S+ i TS TR o+ i)
s=—dy r=k+s
< (dy — d + DFT(k + DOP ST F k + i)
k—dp
D A [ St A R )

r=k—dy+1
AVPY PGk + i))
-1
=dy Y. Z T (r + (o (x])!
s=—dpy r=k-+s+1
—1 k—1

S+ —dy Y D s T i) T

s=—dy r=k+s
PP ISP (r 4 0)
= 28" (k + 0P (XI°) '8 (k + i)
k—1
—dy Y 8T+ i) TN 8P + i)
r=k—dy

According to the Lemma 2, the following expression can
be obtained.

AVEY Gk + i)
< dy" (k + 0eP (XD 8P (k + i)

k—1 k—1
- 3 e+ e Y S+ i)
r=k—dy r_k—éM

< dYGPk+ i+ 1) = Pk + TP @k + i+ 1)
— Rk + D)~ @k + i) — Tk + )T ()M erx])!
@ (k 4 i) — 3Pk + 1)) (44)

Similar to the stable case, the following equation can be
expressed.

O AV Pk + ilk) 4+ @) TPV (k) <0, (45)
where

IV (k) = Pk + ilk) QY P (K + ilk))

+(AWPY (ke + ilk)TREY AU (k + k).

The unstable case is similar to the stable case. Hence,
the proof of the unstable case is ignored.

Furthermore, assuming that the discrete time is k, the asyn-
chronous switching system operates in the steady case
of the pth phase. According to the above equations (27)-(29),
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the following relationship can be obtained.
ACHO)
1l -
< ()T VS (o (TP Py

uS (3O~ a1y
YOI WS (U T YU (1)

A

IA

(sp
1/, p—1/p _7p—1
< ST WY VS (TP

Np (T s(d, 0y ”) » H(gs)rp(d .0)

p=1

P
o (TOd,0), ,\ P ,
( /rU> <] (ng)T{](d,O)

p=1

:P
<[Tw)
p=1

»
< [Tt
p=1

x VE(u(Th)

P P
= exp ZNglanS, + ZN(I)JII]/,LII,]
p=1 p=1

« ﬁ(( S)l/‘[g( $)Té(d.0)
Kp Sp))

p=1
P 1/ » )

< [Twws) vt N @Ovy (") (46)
=1

Based on the Eq. (31), the following equation can be
obtained.

s
r§’+%zo
npU “n
L Y
U ]S.[g]—
Duet00<g <1gp >1,MI§>1,O<M},]<1,

it holds that

P, S s
{fs Ing, +1lnu, <0 48)

r{}lnglf] +lnull,] <0
yet

A Uep
(u3) s (55) = exp <1n [(u )T @)D
= exp ([I/T.‘SD lnMS +In g'l‘f:l) “9)
1
() & (sY)=exp (m [(u,, )/ ’U(g,%D

= exp ([th I +1n gf])

Let n = maxpep((up)’s (5 ) (nY )’U (g ),k =

exp( Z Nslnup + Z NUInu ), the following equation can
p—1
be obtained:

Vs ix(0)) < ne@7 Vi (T (50)
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It can ensure the exponential stability of the system
based on Eq. (29). Also, under the normal circumstance,
Vy (k) < O Vi),

Moreover, to get the invariant set of the system, we can take
the maximum value of

xXP(k) = max (xP(r) 68P(r)), rek—duy,k),

it has
VP(x} (k) < fffT(k)lpﬁ(if(k) <6or (5D

where ¥ = P + dyT{ + dyM?{ + “3ay — d,, +
I)Tf + d}%/[ . %G’f. Letting (ﬁf = Qp(lﬁl’;()_l, we can use
Lemma 1 to get Eq. (30).

Theorem 2: The considered system (19) with @ # 0 is the
asymptotical stability in each phase and exponentially stable
in a batch, if there are some scalar 0 < gg <1, ng > 1,00 >
0,01 >0,0 < dy, < dy,some positive definite matrices
QpS , RS, Q(p_l)U, RP=DU some positive definite symmet-
ric matrices P, TV, MP°, GP°, LS, §P° 55 b M,
X‘fS’ ng,,BpS, yPS, P£(7[2—1)U’ Tg_l)U’Ml(f_l)U’ G({/—I)U’ gru,
YpU’ L(P 1)U’ SY’ 1] ’Sép D ’Mgp D ’M(P D ’X(p 914

xP~DU ¢ Rontne) and some scalars P sp“é pS

» €1 &y &
9‘% > 0, u;f > 1,0 < /L,l,] < 1, so that the following LMIs

SP& pU7

"92 ’

hold.
BeA PS pS pS pS
]—[]l ]—[IZ ]—[]3 ]—[|4 ]—[15
« 120 0 0
* TR 1 0 | <0 (52
* * * ]_[ff 0
* * * * ]_[’5’55
1PV pU pU pU (4%
]—[]l ]—[IZ 13 14 15
« 1Yo 0 0
* « 1Yo 0 | <o (53)
U
* * * L1 0
* * * * ]_[;U

Vy@i(k) < sV (i (k)
VIEI(K) < po VY @1(k)) (54)
VY GEI(R) < ul Vi (k)

-1 Tkl
<0 55
ki g | T )

pS pS pS pS pS pU pU pU pU
where ]—111 ’ ]—IISZ’ ]—[13 K ]l—lez > I—[33 > ]—111 > I—[lz ’ ]—[13 ’ ]—[14 ’
]_[IZ’ZU , ]_[‘Z}U , @75, and @7’ as shown at the bottom of the next
page.
Proof 2: Under stable case at each phase, when there are
disturbances in the system, i.e., (Z)i # 0, the following H
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performance index is introduced to ensure the stability of the
system.
- T - T
=Y 1(#F5w) #5w0 - " (@#®) fw]  (56)
k=0
For any w(k) € [0, co] with nonzero, as shown in the
following equation:

7= Y 1(#50) 5w - 07 (fw) o
k=0
+O")TIAVPER ) + 07T 1 (57)

Similar to Theorem 1, the following expression can be
obtained (58), as shown at the bottom of page 13.

The unstable case is similar to stable case, the following
expression can be obtained (59), as shown at the bottom of
page 13.

Meanwhile, J5 < 0, || [, < rPll&P]|1, is guaranteed.

Remark 2: With the development of LMI technology and
the maturity of MATLAB’s LMI tools, the construction of
Lyapunov functions and solving given LMI conditions are
more convenient. In other words, the method of solving
LMI can effectively reduce the computational difficulty, com-
pared with some non-LMI methods such as the method
proposed in [35].

IV. SIMULATION CASE

A. DESCRIPTION OF SIMULATION SYSTEM

The injection molding process has many superiorities, for
instance fast production speed, high efficiency, high degree of
automation and a wide range of types and styles. Therefore,
injection molding has a wide range of applications in the
field of large-scale and complex shape product production
in plastic processing. The simulation in this paper takes the
working process of the reciprocating screw injection mold-
ing machine as an example. Reciprocating screw injection
molding machine is the most common mechanical equipment
in the injection molding industry, and the injection molding
process is a typical MPBP, taking injection molding as an
example can more accurately verify the effectiveness and
feasibility of the method proposed in this paper. The structure
of the injection molding machine is shown in Fig 2.

The four main phases of the injection molding processes
are shown in Fig 3. Fig. 3 (a) shows the injection phase,
in which molten plastic is injected into the mold. Then,
the system enters pressure holding phase. The main purpose
of this phase is to keep the pressure in the cavity stable so
as to ensure the quality of the product Fig. 3(b) shows the
holding phase. Fig. 3 (c) and Fig. 3 (d) show the cooling phase
and product removal, respectively. The simulation case in this
paper takes the switch between injection phase and pressure
holding phase as an example.

B. SIMULATION MODEL
The model established in injection molding machine is used
for simulation with MATLAB software in order to verify
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the effectivity of the designed controller. Through repeated
tests, the transfer function of injection velocity (IV) and valve
opening (VO) of the system in the injection phase can be
obtained as shown in Equation (60).

IV 8687z —5.617772
VO = 1-0.9291z"" —0.03191z~2
In the holding pressure phase, the transfer functions of noz-

zle pressure (NP) and injection velocity (IV) in the pressure
holding phase can be obtained as shown in Equation (61).

(60)

Define

xl(k) = [IV(k) 0.031911V(k — 1) — 5.617VO(k — 1)
NP(K)I",

u'(k) = VO(k),  y'(k) = IV(k),

x*(k) = [NP(k) —0.3259NP(k — 1) — 156.8VO(k — 1)]T,

(k) = VO(k), y>(k) = NP(k).

The state space model of system is as follows:

NP 171.827" — 156.8772 xP(k + 1) = APxP(k) + B"uP (k) + o (k) 3)
VO ~ 1- 131771 —0.3259;2 ©1) Yk)=CPxPk) p=1,2
And injection velocity (IV) and nozzle pressure (NP) sat- where
isfy the transfer function as shown in Eq. (62). 09291 1 0 8,687
NP 0.1054z7! Al'=1003191 0 o, B'=|-5617],
A (62) 0.1054 0 1 0
T PAGER
- T - _ —
(#5w0) &5t = 7 (k)T LK) + O AVIGEK) + OIS k) = L—f (k)}
k
ol 0o (63l (x1%y~! 0 .
S O G 0 0 || (a7) @HT A G
S\dy PS\—1 PS\—1 pT 1 1 k
* * —(5p)™M(My )™ + (X)) 0 G}
* * * —(rP)?
B T
ADS
o] (47) O [ a5 6]
Gt
Eg . @ (k) (58)
| o (B 0 0 o]+ [#5 o] ent[w o] [Latw
0
T
S -1 N
+[5 o] @[ o]
oy 0 (V) (x =DV~ 0 )
w (s 0 0 (A7) | o vvyi T v
Und ¢4y @-DUN—1 o (50— DU 1 + L7 ) AT G
* * —( Yy DT+ XD 0 e
* * * —(rP)?
B T
ALY g =DU <1 [\ pU
+ (2pT> o) Y 6]
L k
- g
0 T T
+| o B o 0 o]+ XY o e [#Y o]+ 1Y o] @0 [ o]<0 (59)
0
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Input model parameters, control
parameters
v
Solve LMIs to obtain the gain of|
control law, SRT and LRT
v

Run system (1) in pth phase
{

Give a switching signal to

controller
v

Run system (1) in pth phase [«

No

Yes

Run system (1) in p+1th phase

If system running
in Pth phase

Until completed running of the Pth phase

End

FIGURE 1. A block diagram of each batch.

Clamping A . Power
}‘ Unit .{4; Injection Unit 4—{—— Unit ——{
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motor

Nozzle Heater

Barrel / Screw /
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FIGURE 2. The structure of the injection molding machine.
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FIGURE 3. The main process of injection molding.
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FIGURE 4. The tracking performance of the system under different fault
conditions.

When p = 1, the system works in the injection phase.
When p = 2, the system works in the pressure holding phase.
The switching conditions of the two phases can be obtained

in the following equation.
ylaxk)y =350-[0 0 1]x'k) <0 (64)

Considering the existence of time-varying delays, uncer-
tainties, unknown disturbances and actuator fault in the sys-
tem, the following equation can be obtained.

xP(k + 1) = AP(k)xP (k) + AL (k)xP (k — d(k))

+ BPaPuP (k) + o (k) (65)
W(k)y=CPxl(k) p=1,2
where
01 0 0
1<dk)<3, N'=|0 01 0]/,
0 0 0
[0.104 0 0 0004 0 0
H'=| 05 0 0|, H=|005 0 0],
0 0 0 0 0 0
_Al 0 0 10
Alky=1 0 A, 0|, N2=[01:|,
_0 0 Ajs
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, _[00104 0 . [ 0001 07,5
" _[—0.0304 0| Hi=|_00020 2"
As 0
=[04 AS] 0'(k)=0.5x[A¢ A7 Ag]",

W k) =05 x[Ag  Apl, Al <1,

ii = 1,2,---,5. Suppose there is an unknown fault o”
causing the actuator to fail. In this simulation, we know that
04 = o < o < a&” = 1.2. According to the Eq. (8),
B =0.8, ,Bg = 0.5 can be obtained. The setpoint values for
the two phases can be obtained in the following equation:

O<k§T1

91(k) = 40,
{ T1<k<T1+T2 (66)

92 (k) = 300,

To describe the tracking performance of the system more
accurately, the following equation is defined:

elTkyel(k) 0<k <T
eT(kye*k)y Ty <k <Ti+T,

D(k) = { (67)
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C. SIMULATION RESULTS

This section is mainly to verify the proposed method. One
of the purposes is to verify whether the system can switch
smoothly between two adjacent phases. The other is to verify
whether the proposed method can effectively restrain the
influence of factors such as uncertainty, unknown distur-
bance, time-varying delays and actuator fault in the system.
In order to verify the effectiveness and feasibility of the pro-
posed control method. In this paper, injection molding pro-
cess is taken as an example for simulation verification. After
repeated tests, the parameters of the controller in the injection
phase and the pressure holding phase are chosen as Q} =
diag[0.5, 1,1, 1], R} = 0.1 and Q% = diag[10,2.6,9] R =
0.1, respectively. Then, the SRT of the injection phase is
T! 86s. And the SRT of the pressure holding phase
is 7> = 113s. The control law gain of the system after
stabilization in the injection phase and the pressure holding
phase are K; = [—0.00874 — 0.09520 — 0.0476] and
K> = [—0.0084 —0.0066 —0.0032], respectively. The above
parameters are obtained by solving LMIs in Theorem 2.
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Figure 4 shows the tracking performance of the system of
the proposed method under three different case. The three
cases can be expression as following formula.

Case 1: a” = 0.8 4+ 0.2A 1
Case2: o =0.8+0.4A1;
Case 3: o = 0.8 +0.8A1;

(63)

where Ajp; is a random number in [—1, 1]. Figure 4 gives
the tracking performance of the system under three different
random failure conditions. It can be seen that the tracking
performance of the system deteriorates with the increase of
the random fault range. But the proposed control method can
still make the system converge rapidly. In order to intuitively
reflect the superiority of the control method proposed in
this paper, we selected a traditional control method [20] for
comparison. Figure 5 (a) shows the system output response
with asynchronous switching controller. Figure 5(b) shows
the system output response with synchronous switching con-
troller in [20]. Important purpose of the designed controller
is that the system state and controller can be switched simul-
taneously. Avoid the “escape’” of system state caused by the
occurrence of asynchronous switching. It can be seen from
the output response curve that the proposed asynchronous
control method can realize the smooth switch from the injec-
tion phase to the pressure holding phase. However, when the
synchronous switching control method is adopted, the state
of the system fluctuates greatly.

Figure 5 (c) shows the system of control inputs with
asynchronous switching controller. Figure 5 (d) shows the
system of control inputs synchronous switching controller.
The designed asynchronous switching controller can ensure
the smooth and stable switching. After switching, the asyn-
chronous switching controller can be stable and fast-tracking
setpoint value. The synchronization switching controller has
great fluctuation, and the response time of the controller is
long, which has great influence on the actual production.

V. CONCLUSION

A robust asynchronous switching fault-tolerant controller
is designed for MPBP with uncertainties, unknown distur-
bances, time-varying delays and partial actuator failures.
In combination with the model-dependent average dwell
time method, Lyapunov stability theory and switched system
theory, sufficient conditions with LMIs form are given to
ensure the exponential stability of the system and the asymp-
totic stability of each phase. Finally, the simulation results
show that the proposed method has better tracking perfor-
mance and anti-disturbance capability under the condition of
time-varying delays and partial actuator failure.
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