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ABSTRACT

In this paper, the adaptive robust Hy, fault-tolerant control problem for a class of switched non-
linear systems with parameter uncertainty, disturbances and actuator failures is concerned based
on event-triggered control strategy. The adaptive laws based on state-dependent switched strat-
egy are designed to eliminate the effects of actuator faults and parameter uncertainties by using
the estimations of the unknown upper bounds of uncertain parameters. Then, the robust Hy,
fault-tolerant technique and multiple Lyapunov functions method are used, the designed con-
troller can guarantee that all signals of the switched closed-loop systems are uniformly bounded.
Meanwhile, the desired Hy, performance of the systems is promised. Finally, the simulation
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results are given to illustrate the effectiveness of the proposed design method.

1. Introduction

As the complexity of industrial systems grows, faults
are inevitable to occur. Actuator failure is the most
common failure in the dynamic system, which will
directly reduce the performance of the system and even
destroy the stability of the system (1). In addition, the
uncertainties and external disturbances also have an
important impact on system performance (2-5). Due
to the existence of these factors, there is an urgent need
for high-reliability methods to ensure acceptable per-
formance in case of failure or external disturbances.
Therefore, it is necessary to continue exploring adaptive
fault-tolerant control problems.

Adaptive fault-tolerant control is a highly reliable
method to ensure system performance, which has made
a great contribution to the development of industrial
automation system (6-8). In recent years, literature on
this issue has been widely concerned, especially in non-
linear control dynamic systems (9-12). Many successful
adaptive schemes have been developed to achieve the
expected control objective of the closed-loop system
in the case of parameter changes and actuator failure.
For instance, in Liu et al. (13) linear matrix inequal-
ity (LMI) technology was introduced to deal with the
uncertainty of mismatch, and adaptive technology was
used to compensate actuator fault. A nonlinear fault
compensation function was constructed to solve the
adaptive fault-tolerant control problem of uncertain
switched nonaffine nonlinear systems with actuator
faults and time delays in Wu and Park (14). With the
in-depth study, fault-tolerant control methods are used

in more complex systems, such as multi-agent systems
(15), fractional order control systems (16) and linear
quantum stochastic systems (17; 18), Takagi-Sugeno
systems (19).

Because of its wide applications in practical systems,
network control has recently received a large amount
of attention (20; 21). Continuous signal input wastes
resources and increases the burden on the system in
the actual control system. Event-triggered control is
used to reduce the need for feedback while ensuring the
stability and expected performance level of the closed-
loop system (22-24). Mishra et al. (25) presented an
optimized algorithm for event-triggered control that
keeps the system states on a stable trajectory. Kaneba
etal. (26) used a hybrid event-triggered control scheme
for the fault-tolerant control system with actuator fail-
ure and random parameter uncertainty.

As is known to all, switched system is a hybrid sys-
tem with coordinated switched rules, which is com-
posed of a group of continuous or discrete subsys-
tems. Even if some subsystems are unstable, choos-
ing appropriate switched rules can stabilize the whole
system, which is a remarkable feature of its stability.
It is this characteristic that makes the switched sys-
tem extensive attention in the field of control. Chadli
and Darouach (27) gave sufficient conditions for robust
admissibility of uncertain switched singular systems in
strict linear matrix inequality formulas. The switched
rules of switched systems have attracted more atten-
tion, such as average dwell time strategy (28), minimum
dwell time method (29), arbitrary switched (30) and so
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on. With the in-depth study of switched systems, based
on these basic research methods, the event-triggered
strategy was used to study discrete-time switched sys-
tems based on piecewise Lyapunov theory and average
dwell time control, and the trajectory of the closed-
loop system enters the bounded switched region (31).
However, there are few research results using fault-
tolerant control based on the event-triggered method
in switched systems.

Inspired by the above considerations, this paper
deals with the problem of adaptive robust fault-tolerant
control for a class of uncertain switched nonlinear sys-
tems based on event-triggered control. Compared with
the existing works, the main contributions of this paper
can be summarized as follows:

(1) Different from the existing results (23; 32), an
adaptive robust fault-tolerant controller for a class
of uncertain switched nonlinear systems is consid-
ered in this paper.

(2) An adaptive H, fault-tolerant control scheme
based on event-triggered control is constructed to
reduce the effects of disturbances and parameter
uncertainty. At the same time, the adaptive law
constructed in this paper can effectively deal with
the actuator faults.

(3) The control strategy proposed in this paper
can ensure the boundedness of all signals of
the switched closed-loop nonlinear systems and
reduce the transmission count between the con-
troller and the actuator.

The remainder of this paper is structured as fol-
lows. Some preliminaries and problem statement are
introduced in Section 2. A robust adaptive switched
fault-tolerant controller based on event-triggered con-
trol is designed in Section 3. The simulation results are
shown in Section 4 to prove the effectiveness of the pro-
posed method. Finally, the conclusions are drawn in
Section 5.

2. Preliminaries and problem statement
2.1. System description

The following switched nonlinear system with unknown
parameters and actuator failures is considered:

x(t) = (As + AAG)x(t) + Byu(t) + By uys (1)
+ Biow(t) + fo (x, ) (1)
Z = Cox(1),
where x(t) € R" is the state vector, v, (t) € R™ denotes
the time-varying float fault, u(t) € R™ is the control
input with the switching signal o (¢) : [0, 400) - K =
{1,2,...,s}, w(t) € L1[0,+00) is the system external

disturbance, f; € R" is the continuous nonlinear func-
tion satisfying f, (0,t) = 0 and Z € R? represents the

output of the system. For i € K, A;, B;, Bj; and C; are
known real constant matrices with appropriate dimen-
sions. The switching signal o (t) can be expressed as the
following sequence:

Z = {(ip, to), (i1, t1) - - - (igs tr)s . . . |ix € K,
k=0,1,2,...},

when ¢ € [, tx11), 0 (t) = ix means that the ixth sub-
system is activated.

In addition, we assume the parameter uncertainty
satisfies the condition:

AA; = BiN;(t), (2)

where ||N;(t)|| < N} with N} > 0 being an unknown
constant.

2.2. Basic assumptions and lemmas

Definition 2.1 (Yang and Ye (33)): Consider the fol-
lowing system:

x = AsX + Byw,
zZ = Ca'x, (3)

where A,, By and C, are the parameter matrices with
approximate dimensions, and x(0) = 0. Let y > 0 be
a given constant, then the system is said to be with an
adaptive Hy, performance index no larger than yy, if for
any ¢ > 0, the following inequality holds:

o o

/ ZL(Hz(ndt < y()z/ oTHo®)dt +e. (4)
0 0

Assumption 2.1: The time-varying fault function is

piecewise continuous bounded, that is u, (f) satisfies

lujs || < S7 with S§ > 0 being an unknown constant.

Assumption 2.2 (Li et al. (34)): For the nonlinear
term f;(x, t) of the ith subsystem, there exists a function

Y i (x, 1) such that fi(x, t) = B;)_, (x, ) and

1> wo| =M+ 6, 5)

IM;(H)]| < M] with M} and G} are unknown positive
constants.

Remark 2.1: Assumption 2.1 is a standard assump-
tion that is common in fault-tolerant control references.
Assumption 2.2 can be understood that the adaptive
laws are designed to compensate nonlinear disturbance
effectively, under the condition of matching.

Lemma 2.1 (Conte (35)): For any matrices A and B
with appropriate dimensions, the following inequality

holds:

1
ATB+BTA <cATA+ =BTB, Vc>0. (6)
Cc



Constructing a robust adaptive Hy, control scheme and
corresponding rules to ensure the boundedness of all
signals of closed-loop nonlinear switched systems is
the main control objective of this paper, and the Hq
performance index is not greater than yy when there
are parameter uncertainty, external interference and
nonlinear function.

Remark 2.2: It should be noted that the method pro-
posed by Zhang et al. (36) does not address the non-
linear fault-tolerant control problem of actuator failure.
The switched system in this paper is more flexible and
robust than the switched uncertain nonlinear systems
in Cui and Xiang (37). Compared with Jin et al. (2)
and Aouaouda and Chadli (27), the control method
proposed in this paper considers a broader range of
applications and effectively reduces system redundancy.
The control scheme developed in this paper can ensure
the boundedness of all signals and the desired Hyo
performance switched closed-loop system while saving
resources.

3. Event-triggered adaptive switched
fault-tolerant control

In this section, to achieve the desired control objectives
given in Section 2, the adaptive controller is designed as

where K; is a set gain matrix. In addition, é,-l and é,g
are the estimates of 6;; and 6;,, orderly, satisfying 6;; =
0;1 + 6,1 and é,-z = 0 + 02, U1 and Oj are unknown
constants, which are designed in (12) and (13). §;(¢) is
a positive uniform continuous and bounded function
satisfying

t
limyooc / 5:(6)dE < E < oo, (8)
to

The triggering event is defined as

u() = a(ty), Vit e [t ti),

, (9)
tir1 = inf{t € Rl le;(H)] = di},

where d; is a positive design parameter, e;(t) = o;(t) —
u(t),i=12,...,nt1 =0, t;,k € ZT is the controller
update time, the time #; will be updated as . ; when (9)
is triggered, at the same time the controller u(¢) will be
used in the systems (1). For t € [t, tyy1), if |ei(t)] < d;,
there exists a continuous time-varying parameter 1;(¢),
satisfying A;(tx) = 0, Ai(tx41) = land |X;(#)| < 1,such
that

a(t) = u(t) + A1), (10)
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where A(t) = [A1(0)d1, 22 (D)da, ... hn(D)da] T, 2D <
d*, d* is an unknown constant. By Assumption 2.1,
there are positive constants 6; and 6, satisfying

|G* +ui() = 2| < G*+§* +d* < 6,
N2+ M2 <6, (11)

And then, the adaptive update control laws are designed
as

i = —118:0; + 21,1 ||x"P;Bj|,
. (12)
0iy = —128:012 + nilin||xT P;Bj|%,

Ii1 and I;, are positive designed parameters. Setting 67,] =

0;j — 0ij, i = 1, 2, the following equation is established

01 = —138:01 + 21y

|xTP,'B,‘

‘ — 116:0i1,
5 (13)
— 126:05.

iy = —18i0;n + Uiliz‘ xTP;B;

4. Stability analysis

Theorem 4.1: On the basis of Assumptions 2.1 and 2.2,
for the given positive design parameters yo, n; if there
exist matrices P; > 0, Q; > 0, K; and positive constants
ik > 0,5,k =1,2,...,s such that the following matrix

inequality holds:
Q;+ >4 ik (P —P;) PBy CF
* — 021 0 < 0,
* * —I
(14)
where  ®; = (AP, + BiKiP; )T + (AP7! + BK;

Ph+ %I. Then the adaptive Hoo fault-tolerant con-
troller (7) with adaptive laws (11) and switching law

o (x(t)) = arg mil? xL ()Pix(t) (15)

can guarantee that signals of the switched close-loop non-
linear system (1) are bounded and the Hy, performance
index is no larger than y,.

Proof: Substituting (10) into (1), we can obtain the
following system:

x(t) = (Ag + AAg)x(f) + By (a(t) — A(1))

+ Boujs (t) + Biow(t) +fcr (x, 1),
Z = Cyx(t).

(16)

Then choose a Lyapunov function candidate as follows:
T 1 l—l N2 1 l—l N2
Vi(x) = x" Pix + St 07 + Sl ;- (17)

If the ith subsystem is active, we have

Vi(x) + zT7 — yoza)Ta)
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< xT(P,A; + ATP)x + 2xTPiB;N; (t) x
+ 2x"PiB; (o (£) — A (1))
+ 2xTP;Bjuy; (t) + 2x" P;Byjo (1)

+ ZxTPiBiZ (6, £) 4 17 016 + 15 62612

i
+z77 - yoza)Ta). (18)
With (7) we can get
Vi(x) + 7tz — yoza)Ta)
< x"(Pj(Ai + BiKi) + (A + BiK))" P))x
+2x" PiB; (uy (1) — % ()

2xT P;B;BI P;x0)? A
- L T piBin B Pixfi
||x P;B; ” Oi1 + 6;
+2 |<TPBi | IN: ] 1]

+ ZXTPiBlia) (t)+2 HXTP,'Bi

(MG {1

+ 2xTPiBiG* + 151016 + 15,0100

+2Tz — yoza)Ta). (19)
From (6), we can obtain the following conclusion

2 HXTPI'B,')

INi(] x|

)xTP,-B,-

2 2 1 2
< "B | NI 4 e,
1

2 "xTP,-Bi)

(M| |1

}xTPiB,-

2 1
< | BB WM+ 2,
Ni
2x'PiBiw < vy *x"PiB;B;" Pix + yiw'w.  (20)

According to (20) and Assumption 2.2, it can be gained
that

Vi(x) + 7Tz — ]/Oza)Tw
< x"(Pj(Ai + BiKi) + (Ai + BiK)) " P))x
2x"P;B;B] Pix6?
|xTPBi| 61 + 6
+ 2x"PiB; (G} + wi(t) — 1 (1))

A 2

— xTP;Bn;BI Pixf + ;HXH2
1

xTP,-B,-

2
+ n,-| (N;*2 n M;*z) + v 2T PiBy BT

+ 1561611 + 156126,
+ 277+ o w — Yo' w. (21)
Combining (1) and (14), we have

Vi(x) + zT7 — yoza)Ta)

< xT(P/(A; + BiK;) + (A;i + BK)TP; + CI C)x
2x"P;B;B! Pixf?
|xTPiB;| 6 + 8

+ 2x"P;B; (GF + uy(t) — » (t)) — x" P;Bjn;

A 2
x B Pixfip + —||x]*

1

2
+ i ( (N;“2 + M?‘2> + vy 2xTP;B1BLx

)xTPiB,-

A

+ 17101600 + 1,010
< xT(Pi(A; + BiK)) + (A; + BiK)TP; + CI'C;
1 . 2
+ —ZPI'BUB“P,' + —)x
Yo ni
25,’ HxTP,-B,- || éil

2
- — " 8004 22
||xTP,'B,‘|| 9,‘1 n 5,’ Z iYikYik ( )

k=1

By invoking the Schur complement, we can draw the
following conclusion

Vi(x) + ztz — yoza)Ta)

28; ||xTPiB,‘|| éil
HxTPiBiH 0 + 8

N
< —xT Z?Tik (Pr — P))x —

k=1
2 2
— > 8 — ) 8ifubi. (23)
k=1 k=1

Applying the switching law (15) and the inequality 0 <

ﬁhb <a, Ya,b > 0, (23) becomes

. 02 62
Vi) + 277 — yioTw < & (jl + f + 2)
< dilkio. (24)

2 2
where i = % + % + 2. If the external d(t) =0, it
can be inferred that the states of the switched closed-
loop system are bounded. Arrange and integrate (24)

o (o.¢]

/ 2l (Hz(t)dt < y? / ol (Hw(t)dt +k;,  (25)
0 0

where k; = V;(0) + 8;u;. Setting V(x) = Z?_:l Vi(%)

where % = [xT,6;1,0,]" and k = M. We

can get that the H, performance index of the switched

closed-loop system (1) is less than or equal to yp as
in (4). L

Remark 4.1: By multiplying both sides of (14) by the
inverse matrix



it is easy to get the following inequation

[w; —1,T 1 [2p-1 |
o, B Pl VP, JEP
2
* =¥y 0 0 0
% I 0 0 <0
* * * —Pi_1 0
L * * * * -1 |
where W; = (A;P;' 4+ BK:P; )T 4 (AP, + BKK;

P+ (P71 with X; = P!, and Qi = o5, ik
(P; — Py). The inverse matrix X;, matrix K; and matrix
P; can be obtained by solving the corresponding
inequalities by using Schur complement theorem.

In addition, there exists a time ¢* > 0 satisfies {f¢11 —
te} > t*. According to (7) we can get

oo 2 oa A da
v = —x —— 0+ — & 26
o axx+;801J 1]+851‘ i ( )

Owing to x, éﬂ, éiz are continuous and bounded, which
implies §; and « are also continuous and bounded
functions. Hence, there exists a constant ¢+ > 0 satis-
fying ||&| < . Considering e;(tx) = 0, e;(tx+1) = di,
and e;(t) = «;(t) — u;(¢), the following inequality holds

d d :
1@ leil < @ dil = la| < ¥ (27)

we can obtain that there exists the inter-execution inter-
vals t* satisfies t* > %, this means the Zeno behaviour
is excluded. The proof is completed.

5. Simulation studies

In this section, two examples are used to prove the
effectiveness of this method.

Example 5.1: Consider the following uncertain swit-
ched nonlinear system with unknown parameters and
actuator failures:
x(t) = (Ao + AAg)x(t) + Bou(t) + By uio (1)
+ Biow(t) + fo (x, 1)
Z = CO' x(t))

where 0 = 1,2 and

0 1 0.0802  1.0415
4 = | 01980 —0.115 —00318 03
—3.0500 1.1880 —0.4650 0.9 |’
0 0.0805 1 0
[ 1 155 075
B | 0975 08 085
o o o |
| 0o 0o o0
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0 1 0 0.25
a 01 —-01 08 —023
27| —425 15 -05 1 ’
L0 0 1 0.5
-1 2 025
05 0.1 —05
B — b
2 1 0 0
o0 2 0
Bu=[-1 0 2 o],

100 -3],
C=[10 -1 0].
In addition, it is assumed that

up =[ 0.1cos(t) 0 O ]T,

up=[0 0.15sint) 0 ],
= 0.01cos(t), 0<t <15
—1o, 15 <t <45’
[ 0.6cos2t 0 0 O
N, = 0 0o 0 0 |,
0 0 0 0
0.7sin2t 0 0 O
N, = 0 0o 0 0 |,
0 0 0 0

fite ) =[ 06sin(x1) —0.6sin(x2) 0 0],
fHlut =[ 05sin(x1) 0 —05sin(x3) 0]".

By selecting appropriate parameters and solving
matrix inequality (14), we can get that

[ 0.0451 —0.0237 0.0045  0.0076 ]
p = —0.0237 0.0558 —0.0186 —0.0053
0.0045 —0.0186 0.0687  0.0150 |’
| 0.0076 —0.0053 0.0150  0.0535 |
™ 0.0434 —0.0193 0.0082  0.0001 ]
P, = —0.0193 0.0548 —0.0173 —0.0078
0.0082 —0.0173 0.0572  0.0134 |’
| 0.0001 —0.0078 0.0134  0.0487 |
[ —3.7152 —4.6720 5.8003 14.0077 ]
K, = | —23.2626 10.2456 —2.4274 3.5442 |,
| 6.8320 —17.0706 —14.2392 —3.5365 |
[ 14.2638 7.2817 —32.5840 —17.8032]
K, =| 44694 —9.0061 4.8546 —15.8124 .
| —27.1916 36.9011 —38.2348 —5.7158 |

In the simulation, the parameters of the system
are selected as x(0) = [—1,0,1,0,0,0]7, éij(O) =0, i,
j=1,2, m =20, g =50, ljj =15, ljp = 30, where
i= 1,2,7T12 = 200,71’21 = 100,d1 = S,dz = 5,d3 =2,
and the Hy, performance index is chosen as y = 0.15.
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The simulation results are displayed in Figures 1-5. The
switched signal is shown in Figure 1. From Figure 2, we
can see that the adaptive switched fault-tolerant con-
troller can ensure the state x; of the system is bounded
(d(t) = 0). The boundedness of parameter estimations
éij and the control signals uj, 4, j = 1,2,k = 1,2, 3 are
displayed in Figures 3-5.

B = (0,17, C; = [1,0], B; = [0,0]",i = 1,2

2.3368
b= [ 0.1116
1.7952
Pa= [ 0.2852

0.1116
0.0656

Ik
Ik

0.2852
0.1413

Ky =] —30.0830 —12.7948 |,

Example 5.2: A simple mass-spring-damper switched K, = [ —30.6224 —20.3110 ] .
system model from Long and Zhao (38) is used in
this subsection, and the parameter matrices of the

In addition, set fi(x, t) = —%(f(xl) — g(x2) + Afi(x)),
corresponding state space equation are A; =[?]],

i=1, 2. upy = 0.3sin(2t), up = 0.2cos(t), m = 1/5,

—— Switched signal o

35 40 a5
Time(Sec)

Figure 1. Switched rule o of Example 5.1

5

A Switched system state ;| _|
- - -Switched system state zo
- - -Switched system state x3
3 Switched system state ;| —
2~ - _
. AN B
7y N / N\ [ Iy "y
- 3 ’ - - [
= s - R , R TN 7 . RERY S B 2, !\
/ ! L 4 Q Y ! /! 4 S ! \ . n ) \ ’ VAL
. . N o 4 )
' A\ o / FSAN TR SR\ VI 3 b f AN FANL -\ I ! PR\ VR A
ok A \ o NSNS e NN AN A o G0N i M A N A\ I ) 2
an ™ N Y T L A \ 4 N : A N Y A s
~ \ N NN N O\ o NS R VoA N Y/ 2N VAR ) /N
\ . \ \ 3 By “ . ./ "« 2 ‘ ) \ Y
. . ’ v v ' R \ U '
N v N L ' . \ AN \ ' » L ' [p.
) s v ~/ Y v . \ =
7’ 1 N A v L
., to
20— N -
a3 —
a4 —
5 | | | | | | | |
o 5 10 15 20 25 30 35 40 45
Time(Sec)

Figure 2. Switched system states x;(t),i = 1,2, 3,4 in Example 5.1

08

06—

04—

—— Adaptive law 6y, | _|
- - - Adaptive law 6o

Time(Sec)

Time(Sec)

Figure 3. Adaptive laws 9A,~j, i,j = 1,2in Example 5.1
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B 0 i5 E]

Figure 5. Control input signals of subsystem 2 in Example 5.1

25
T T T T

—— Switched signal o

aE

Figure 6. Switched rule o of Example 5.2

fx) = 2x1%,g(x2) = x2% cos(x2), Afy = x1% sin(x1x2),
Afr = x) cos(x1?) the simulation parameters are cho-
sen as x(0) = [1,—1,2,1]%, 611(0) =2, 612(0) =1,
621(0) =2, 02(0) =1, m =10, n =15, I =10,
li2 = 15, 1) = 1,71,'21 = 0.25, dl = 5, dz = 3.

The simulation results can be seen from Figures 6-9.
Figure 6 demonstrates the switched signal. It can be eas-
ily found that the state x;, the parameter estimations GA,'j
and the control signals of the switched system are all
bounded in Figures 7-9.

Remark 5.1: Based on event-triggered control strat-
egy, a robust adaptive switched fault-tolerant controller

25 30 35 a0 a5

Time(Sec)

with parameter updated laws is designed. Further-
more, compared with (23; 32) Figures 1-9 demonstrate
that the proposed adaptive method can guarantee the
system’s expected Ho, performance while effectively
reducing system redundancy in the event of failure.

6. Conclusion

For a class of uncertain nonlinear switched sys-
tems with parameter uncertainties, actuator failures,
and external disturbances, this paper investigates
the problem of robust adaptive Hy, event-triggered
fault-tolerant control. The adaptive controller with
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—— Switched system state

< Switched system state @,

Figure 7. Switched system states x;(t),i = 1, 2 in Example 5.2
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Figure 9. Control input signals in Example 5.2

the correlative parameter updated laws and state-
dependent switching rule is designed to compensate for
the actuator faults and eliminate the effects of nonlin-
ear input disturbance by combining the linear matrix
inequality and adaptive approach. It has been demon-
strated that Zeno behaviour can be avoided and that
all signals’ boundedness and the expected Hy, perfor-
mances of switched closed-loop systems’ can be guaran-
teed. Finally, two simulation examples are provided to
show the viability of the proposed approach. In future
work, for uncertain switched nonlinear systems with
unknown control directions and full-state constraints,
robust adaptive fault-tolerant tracking control design
approaches will be taken into consideration.
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