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Active Event-Triggered Fault-Tolerant Control
Design for Switched Pure-Feedback Nonlinear
Systems

Zhongfeng Li, Yingxin Wei, Lidong Wang

Abstract—The proposed research paper introduces an ac-
tive fault-tolerant control (FTC) strategy for pure-feedback
switched nonlinear systems using event-triggered input. The
proposed methodology employed fuzzy logic systems to directly
approximate unknown functions, thereby enabling estimation of
the unavailable states through a designed observer. Under the
framework of backstepping technology, it is demonstrated that
all of the signals in the closed-loop system remain bounded
under fault-free conditions. Additionally, the fault detection
function only depend on the available output. The combination
of backstepping technology and an event-triggered mechanism
is incorporated into designing the active FTC scheme, ensuring
the boundedness of every closed-loop signal under a specific
class of switching signals with a designated average dwell time
in the proposed control project. A simulation is then offered to
cinch the efficiency of the suggested controller.

Index Terms—active fault-tolerant control, event-triggered
control, pure-feedback, switched nonlinear systems.

I. INTRODUCTION

WITCHED nonlinear systems have multi-mode mod-

eling characteristics and are prevalent in various engi-
neering applications such as power, traffic, aerospace, and
chemical control systems [1]-[2]. The systems are composed
of multiple subsystems that operate under a switching rule,
making their multi-mode modeling characteristics more con-
sistent with real-world control systems [3]. Ongoing research
in this field investigates the effective utilization of active
fault-tolerant control (FTC) in specific classes of switched
nonlinear systems [4]-[6]. Some studies seek active FTC
for switched nonlinear systems which were constructed as
strict-feedback form [4], some explore inadequacy in actu-
ator faults for uncertain switched systems [5], while other
research aims to propose a finite-time FTC technique to
handle the challenges of actuator faults, alongside the biases
that arise in a class of lower triangular switched nonlinear
systems [6]. The development of virtual controllers and
control signals for pure-feedback systems using backstepping
technology presents a significant challenge. Researchers have
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addressed this issue using various techniques, such as the
mean value theorem and implicit function, as described
in [7]-[8]. The non-affine input dilemma in pure-feedback
systems is addressed in this work through the use of filtered
signals, a concept previously explored in [9].

With the increasing demands for control technology and
equipment, failures are inevitable in actual work processes.
However, the development of FTC technology provides an ef-
fective solution for ensuring the security of complex systems
[10]. Active FTC methods primarily include model following
reconfiguration control and control law reconfiguration. The
basic principle of model following reconfiguration control is
to use the method of model reference adaptive control, which
cinches that the system output always goes after the signal of
the reference model, with or without any faults, as reported in
[11]. The control law reconstruction method usually requires
a fault detection and diagnosis module to redesign the control
law, including online selection and online design, in order to
achieve the desired control effect by using obtained fault
information [12]. In addition, [13] proposed an active FTC
scheme for a continuous stirred tank reactor system.

The use of event-triggered systems in research has gar-
nered interest due to its potential to save communication
resources and reduce communication stress associated with
large data transfer. Previous studies (e.g. [14]-[18]) have ex-
plored the use of event-triggered systems to control uncertain
nonlinear systems, pure-feedback systems, nonlinear systems
with pure-feedback, nonlinear time-delay systems with non-
strict feedback shape, as well as arbitrary switched nonlinear
system with pure-feedback shape. This paper, unlike previous
works, investigates switching signals that are predicated upon
the average dwell time.

Building on previous analyses, this study introduces
an event-triggered active FTC technique for pure-feedback
switched nonlinear systems featuring unknown functions.
The primary dedications of this paper are discussed below.

1. Firstly, this study presents an active event-triggered FTC
technique for switched nonlinear systems with pure-feedback
shape. It is challenging to design such a scheme due to
the simultaneous presence of event-triggered strategy and
switching signals. A pure-feedback system with non-affine
inputs is more commonly used in modeling than a strict-
feedback system with affine inputs. In addition, the proposed
event-triggered programme is anticipated to assist in reducing
the unnecessary usage of communication resources.

2. By introducing filter signals during the controller design
process, it can not only release the assumption conditions in
[7]-[8], but avoid the algebraic loop produced by mean value
theorem and implicit function.
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This paper’s structure is as follows. Section II lays out the
problem formulations and preliminary steps are discussed,
while the stability analysis without faults and fault detection
is covered in Section III. Section IV contains the design for
an event-triggered active FTC method. A simulation example
is offered in Section V, while Section VI is where this study
comes to an end.

II. PREPARATORY KNOWLEDGE
A. System Description

Considering the following pure-feedback switched system

i.i = fi,,a(t) (jivxi+1) 7i = 1727' ,n = 1
i'n = fn,a(t) (:Z'na u) + h(t - tﬁ)do(t) (:Eru u) 5 (1)
Y=

where Z; = [x1,29, - ,:ci]T, 1 < i < n, denote system
states, © € R and y € R stand for the control input and
system output, separately. A switching signal is represented
as o(t) : [0,400) = S ={1,2,---,s},and o(t) = p, p €
S, denotes the activation of the pth subsystem. Unknown
smooth nonlinear functions are represented by f; , (-, -). The
output y is assumed to be the only accessible variable for
measurements in this study. Moreover, the fault functions
are represented by d, (T, u).

0, t<tp
h(t—th)Z{l —
) - (24

where t5 is the unknown fault occurring time during the
system operation.

In the light of [19], the idea of average dwell time (ADT)
can be provided. If a switching signal o is supposed to have
an ADT of 7,, then, there are positive values Ny and 7,
satisfying
ta—t

Ta

Ny (t1,t2) < Ny +

, Vo >t >0 )

where N, (t1,t2) means the switching times in the interval
[t1,t2).

Assumption 1 [20]: The following inequality can be sat-
isfied by positive constants ¢;,1 <17 < n,

|fi(Z1) — fi(Z2)| < € || 21 — Za]. 3

Assumption 2 [23]: There are unknown constants &, J;,
Ky, 0% and g;, 1 < i <m, such that |k; | < K}, |0; ] < d7,
Kap| < K3 |0ap| < 07, and [Ei41 — &it1 f] < g5

Lemma 1 [21]: Let f(z) defined on a compact set © be a
continuous function, for each positive constant §, then there
is a fuzzy logic system (FLS) satisfying

sup |f(x) - 9T<p(a:)| <. “4)
z€O

Lemma 2 [9]: For any a > 0, the inequality |z| —
rtanh(Z) < 0.2785a = ag exists.

B. Triggering Signal

In the light of [22], a fixed threshold event-triggered con-
trol project is considered in this paper. Define an intermediate
control signal as

v(t) = ap — g’tanh(%), 5)

where [ and ¢ are positive design parameters. «, stands for
virtual control signal, X, is virtual error surface, both of
them are going to be defined later.

The triggering event is defined as

u(t) = U(tk),VtE[tk,thrl), (6)

where I'(t) = v(t) — u(f) means the estimation error, ¢(S >
¢ > 0) is a positive design factor. The controller update
time ¢z, k € 2T, means that the time will be updated to
tx+1 anytime (7) is triggered, and u(tx1) will be delivered
to the actuator. For ¢ € [tg,tr41), the control signal keeps
constant, meaning v(t).

III. CONTROLLER DESIGN

In this part, we complete the controller design process for
fault-free situations. To design the control scheme complete-
ly, an observer is first constructed. For this purpose, we define
the following equations

fip (Ziyxiz1) — Tiga (8)
frp (&n,u) —u, 9)
according to which the system (1) is described as
Ty =Tit1 + Fip (S%ui%iﬂ,f) + AF;,
B =u+ Fop (Tn,up) + AF,,
Yy =21,

Fip (%4, 2i41)
FTMD (jnv u) =

(10)

where Z; and 2z, are the respective measured values of
T; and Tn. AFLP = Fi,p (fiyzi—i-l) — Fi7p (%iyii+1,f)7
AF,p = Foyp (Tn,u) — F,p (Zn,up). Additionally, &; ; =
Er(s)z; =~ &,uy = Er(s)u = u , and Er(s) is a
Butterworth low-pass filter (LPF), whose parameters are
given in [9].

Let £,,41,f = uy, we have

T, = ijn+pr+ZZi[Fi,p (Zi, Zig1,p)
i=1
+AF; |+ Znu 1D
—h1, ZLP
2,p
where C), = I, 1 , Hy = .| dn =
P hy‘w
0 T
c . Zi= |0 o 1 e 0| hip 1l <<
1 M

n, p € S, stand for design parameters. C}, represent strict
Hurwitz matrixes. For any given matrix @), > 0, which is
a define symmetric matrix, there is a positive matrix P, to
make

CrPy+ P,Cy < —Qp. (12)

In line with Lemma 1, the unknown functions F; ,(-,-) are
approximated by FLSs

Fip (%, &iq1,510ip) = azp@i(§i7@i+1,f) ,1<i<n.

(13)
Define the following optimal parameter vector
0, = argemieré_[ . sup \Ep (%, &ig1,7)
BPST (T, 2441, 5) €D
—Fip (Ti Zi41,510ip) [] (14)
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where =; is the compact sets for §; ,, ®; is the compact sets
for (ZEZ‘, ii—&-l,f)'
After that, the estimated error can be obtained

Kip = Fip (Tis Zig1,5) — E, (Ziy Zigr,716ip),  (15)
Sip = Fip (Tir&is1g) — Fip (B0, &i11.4167,) . (16)
Let wip = dip — Kip, 2 <0 <Ny Wap = da,p — Kdps

with the help of Assumption 2, there exist unknown constants
wy >0, w) >0 to full fill |w; p| < wf =064k}, |wa,l <
wy =64 + Ky

An observer in the following form can be constructed

B

L i = Tit1 —|—F1p(x“xl+1 f|9,p) + hip(y — 21)
Tn —u+an(:L‘n,uf|9np)+hnp( — &)
g =11
(17)
The observer error is defined as e = [eg,eq, - e,]T,

where ¢; = x; — %;, 1 < i < n. The derivative of e can
be obtained through (11) and (17)

Cpe + Z Zz [Fi,p (i%z, ii’iJrLf)
i=1

é =
_Fi,p (:%27 L i,p) + AFi,p]
= Cpe+kp+ AF,
where AF, = [AF,,AFy,, - ,AF, 7, Kk, =
[KLp) R2.py - K/n,p]T~

Define the Lyapunov function V; , = e’ Pye.
Then, we can deduce the time derivation of Vg,

Vop = 2eTP,(Che+ky+ AF,)
< —Q,llel? + 2" P,AF, +2¢" Pyr,. (18)
According to Assumption 1, we have
AFi, = [Fip (@i wiv1) — Fip (%5, Ziv1,5)]
< [61‘(’9@‘ - JM +|@ip1 — i1, f])]
< elllell + g4).
Using Youngs inequality, we get
2¢" P,AF, < |le]|* + || B, || Z (lell* +97) (19
=1
)
2¢" Pyry < Nlel® + |11 |15 (20)
where k} = [k}, k5, k)T
Combining (18), (19) and (20), one has
Vop < 5|| I+ M, (21)
WhereQ B = mln(QP) - HPPH Z?:l 612’ M =
1P [, €7 + I 11%]-

Next, in the light of observer (17), the controller will be
designed under the framework of backstepping recipe.
The coordinate transformation is given as:

X1 =21
{ Xi =& —o;—1,2 <1 <, 22)
where «;_; stand for the virtual control signals.

At the beginning of the design process, to facilitate writing,
let 97 represent 67, 6; represent 0; ,,, 0; represent 0; ,,, and
0; =0 —0;.

'Lp’

Step 1:
According to (10), (16) and (22), we have

X2+ a1 +ex+01;+ 5{@1(31@2,10)
01 1 (T1, B2,5) + AFLp.

X1 =
(23)

Define the Lyapunov function as

1
S+ 9T91 +3 5%,

Vip="Vop+ D)

where n; > 0, 7; >0, 1 < zg n, are designed constants. 51
is the evaluation of 47, and §; = 7 — d;.
Then, we have

Vip = Vop+xibe+ar+e+di,
+0701(Z1, 82,5) + 07 01(Z1, 22,7)
1 ~p2 1~ =
+AF ) + —0] 61 + —6101.
m m
Along with Young’s inequality and Assumption 1, it holds

that
1

1 2
X1€2 < §X1 3 ezl (24)
1L, 1, 2 2
X1AF, < 5Xi + 551(”61H +91)- (25)
According to (21), (24) and (25), we have
. 11
Vip = —(B-35~- 2) llell* + M + x1(x2
+a1 + 0?901(3317 Zo.r) + x1) + [xa| 07
1 - . .
+779{(771901(517$2,f)>(1 —61)
+ (5151 + 26191 (26)

In the light of (26), Assumption 2 and Lemma 2, one has

1 1
(Bt ad

+xilxz +oq + 9{@1@1@2 )+ xa

Vip < ) llell” + M

+(§1 tanh( &
ai

)] + d1a10 + *91 (me1(Z1, Z2,7) X1

. 1~ X 1
791) + aél (171)(1 tanh(a—l) — 51) 5 (27)
Design the following signals
a1 = —bixi—x1—0]1(Z1,325)
5, tanh(XL) (28)
ai
91 = 771<P1(£1; Za.7)x1 — 7101 (29)
81 = mXxi tanh(z—i) - ’7181 (30)

where b; > 0, v; > 0, a; >0, ; > 0,1 < i < n, are design
parameters.
Then, one has

Vip < =Billel® = bixd + xixe + }éfel
1
T+ 5.6, + My, G1)
T
where 31 = 8 — 1/2 — 6%/2, M, =M+ %6%9% + 61‘&10.
Step 2:
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According to (10), (15), (22) and (28), we can obtain that

. Jda
o = o 1(%24‘624‘01901(1'1,1'2]‘)4-%321)
1
8@1 . 8@1 . 8041
AF; — —0 — 32
+ 1,p)+8§3 $1+891 1+851 . (32)
From (22) and (32), we can deduce that
X2 = @3+ F, (Z2,23,71602) + haper — cn
~ A . Oox
= X3 —+ oo + 92T<p2(x2,x3,f) — 871(62
T
+r1p+ AF )+ By +wa (33)
where By = 9;(,02(.%2,.’%3 f) + ho pel — %(.’%2 +
07 o1 (&1, 22,7)) — 2‘;;:51 8a191 am(s
Define the following Lyapunov functlon
Vap = Vi + 3+ =070, + — a2 (34)
= - —_ _— w
2,p 1,j 2X2 M2 2 U2 2772 2

where @; denote the evaluations of w;, in addition, w; =
wi — w;.
From (33) and (34), one has

: : R I
‘/271) = VLP + X2X2 + 70502 —+ —wowo
2 n2

< Vip+x2(xs + 02 + 0] @a(3a, 23 7)
0o
7873';1(62 +KR1p+ AF; p) + BQ)
]. ~m & - 2
2 2
Building upon Young’s inequality, one has
Doy 3 9001, 1. 0o
“egr(er bR, T AR, < DB + 5
]' *
o+ 2 lel + ). (36)

With the help of Lemma 2, (31) and (36), we have

. 1 1
Vap < —(B1— 5 72) lell? = bix3 + x1x2

2
‘*‘%5{91 + %5151 + My + x2[xs + a2
1
3 day
+Bs + Sxa(2b)? 4ty tanh (22))]
2 o1 as

+wsag + 7792 (NaXx292(T2, 23 1) — 02)
2

| X2 X 15,
— t, h(22) — _
+ﬁ2w2(ﬁ2X2 an (a2) W) + 5 €191
]' *
+§m12. (37)
Design the following signals
3 80&1
a2 2X2 — X1 — D2 Xz(axl)
iy tanh(X2) (38)
a2
Oy = maxapa(Za,d35) — V202 (39)
’lbg = ﬁgxgtanh(;(—z)—"ygwg. 40)

(37) can be further summarized as

2
Vap < —Ballel® + M — > bixi + xaxs

i=1

Z Jigry, + REY; 5151 + 2y, (A1)
P Ui T2

where By = f1— 1/2—€2/2, My =

1,.%2
5/431 .

Step n:

M +wiag + selg? +

Guided by previous design steps, we have

) da
Op—1 = 8;‘ 1($2+62+01 <p1(x17x2 f)
1

aan 12X

Ts
8.131‘ !

+hap + AF ) +Z

+Zﬁan 1 z 6an 151

Do,
—|—Z 3ozn 1 Ai,

(42)

From (7) we have |v(t) —u(t)] < ¢ in the interval
[tk,tr+1). Therefore, there is a time-varying argument o (t),
with @w(ty) = 0,@(tgs1) = *+1 and |@w(t)| < 1,Vt €
[tk,tk+1), so that v(t) = u(t) + w(t)s.

From (22), (42) and above analysis, we have

Y N ~ aan_
Xn = v(t) —w(t)s + 0L pn (T, up) — Les
5351
1y + AFLp) + Bn 4 wap 43)
where B,, = h, p€1 + ngpn(i,n’uf) _ Zlnz—ll 8g2;1 jjz _

n—1 dan,_1 Oan_1 n—1 Oan,_1 Oap_1 (A
2im1 a5, 0; — 96, o1 — Ylicy oo Wi~ (B2 +
01 p1(21, 22,1))-

State the Lyapunov function V,,, = V,_1, + %X% +

1 4TpH 1 -2
ﬁen 0" =+ mwn

We can obtain V,, ;,, on the basis of (43)

Vn,p < Vn—l,p + xn[v(t) — w(t)s + By,
o a Ap—1
+93;<Pn(xnvuf) T on, (e2 + K1y
* 1 AT 5
+AF17;D)] + |Xn‘ Wy, + nian On
1.
4+ — Wy Wy, (44)
Mn
Along with Young’s inequality, we possess
8C¥n,1 3 60én 1
—Xn—F—— AF < 2
X or, (62 + Kip+ 1,;0) = 2 n( 0r1 )
1 1, 1
B} H€H2+§"$12+56%(”@”2‘*‘9%)- (45)
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Then, we can deduce that

(81— (=) + 5 el

n—1
- Z biX? + Xn—1Xn + Z %G?Gi
1

i=1 i=1

Vop <

B =

ﬂlalél +Z Lobii; + My

=2 i
Stanh(&—

3 80én_1 2 Xn
Bp + -xn(——— by, tanh(=—
+Bn + (=5 )"+ n tanh (7))

_ gn)

XnS
) —

7 w(t)s

+Xnlom —

1 - -
+w;an0 + ;@f(%xn% (i'm uf)

1 . : 1
+ﬁ7nwn(nnX'rL tanh(%:) - wn) + 56%9%
1

+§I€T2.

To proceed, it is necessary to opt for the adaptive laws of
6,,, virtual control signal «a,, and estimated value of w,,

3 8an— 1

(46)

n = _bn n— Xn—=17"Dn = 5 Xn 2
a Xn = Xn—1 5 X s )
. tanh(%) @7
én = ThXn¥n (i‘na uf) - Vnen (48)
7j]n = MnXn tanh(&) - ’V’nwn (49)
a

n

Applying (47)-(49) and Lemma 2, we possess
Vi < B llell® + M, — Zbix% + ot
N i—1 '

ﬂl 516, + Z i +lo (50)

=2
where 3, = 81 — (n — 1)(1/2 + €2/2), M,, = My + (n —
D(3€t07 + 381%) + 1ils W] dio.
Based on Young’s inequality, we can deduce that

1 1
< _7ﬁ0T9+ i |0*|

Jigrg, < (51)
A1~ A 1 1
N5é < ”%52 + —ﬂa*Q (52)
M 2 21
Vi < —2dig?y 10ige (53)
i 27 217
From (51)-(53), (50) can be changed into
Vn,p S 7ﬂn ||6H2 + Mn + ZO - Z b7X12
i=1
n Yi i
SN g gy T
=1 2’[71 2’]71 - 2’!72
n —
Vi %2 Y1 k2
0; —9
+72=;27h‘1| +27711
, 54
+ Z 2, (54)
We finally have
Vop < —Vap + &, (55)

where ¢ = min{W 2b1,’yl,fyz,1<z<n} ¢ =

My 4o+ 37 127; ‘ +2’115*2+ij 227; w;?.
Theorem 1: If the fault free system (10) and the observer
(17) satisfy Assumption 1 and 2. According to the bounded
initial circumstances, the designed virtual controllers (28),
(47), the adaptive laws (30), (48), (49), and the actual
controller (6) can make all of closed-loop system signals

bounded within a category of switching signals with an ADT

7, > o8H (56)
and
AmaX(Pp) }
=max{q ————,p,kES ;. 57
K { )\min (Pk) b ( )

Moreover, the event trigger intervals {¢x,1 —tx} has a lower
bound t* > 0, Vk € 2.
Proof:

Choosing the nether Lyapunov function

1 n n 1 N 5
_ T 2 T;.
o(x) = e Ppe+§ZXi +meei 0;
+—52 + (58)
2771 Z 2772
where X = [6T7X1, e 7X7laé17 T 7énagl>w2; T 71Dn]7 ac-
cording to (55) one has
V, < —eVp + ¢.

To explain the stability of the system (10) through ADT
condition. Define the following function
F(t) = estVU(t) (t) 59)

On each interval [tg,tx11), it can be determined the time
derivative of f (t)

F(t) = EeEtVU(t) (t) + eEtVU(t) (t)
S ¢€€t‘

From (57), we can get V,(t) < uVj(t), based on which,
one has

Ftkt1) = egtk+lvd(tk+1)(tk+1)
< pet Vo (b)) = pF ()
tht1
< plF () + / petdt].
tr

Similar to the procedure in [19], for any &, € [0,e —
(log pu/74)], since 7, > (log p1/€), one has

T
F(T7) < N0 (0) 4 ptHNoelemea)T / peetdt,
0
on the basis of (59), it can be deduced as
BETVU(T—)(T_) S MNO (T,0) VO‘(O) (0)

T
+M1+N06(€_6"')T / (besatdf,.
0
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It is not stiff to known that w(||x|) < V(x) < @(Ix|),
and w, @ are k., functions. Therefore, we finally have

w(T) < Vo (T7)

< efsTILLNU(T,O)w(O) + ,U,1+N0€75“T /T ¢€€“tdt
0
< elog ,u,e(log p,/'rafe)Tu—}(O) + 2H1+N0 ] (60)
€a
With the help of (58) and (60), we establish the bound-
edness of e, x;, éi, 31 and w;, by means of a the switching
signal o(t), which is designed using 7, > log u/e. Because
07,07, w! are constants, building upon 0; = 07 — 0,
51 = 61 — (51 and w; = w; — W;, their estimations §;, 51,
w,; are bounded. After that, the physical controller u, along
with the virtual control signals «;, remains bounded due to
these circumstances. Z; are bounded since (22), so that x; are
bounded. As a result, in this situation, all the signals in this
closed-loop system are bounded for bounded initial values.

There is a time t* > 0 such that for all Vk € 2%, {tp11 —
tp} > t*. To prove this, we review I'(t) = v(t) — u(t),Vt €
[tk, tk+1), and have

dill _ d . .
I'sI')2 = I <|o|.
I dt( * )2 sign(D)I < |9 (61)

From (5), we can easily attain that ¢ is a bounded function,
so a constant ¢ exists with |0| < ¢. By pointing out that
I'(tx) = 0 and lim;_;, ., I'(t) = <, we known that the lower
bound t* of event trigger intervals satisfies t* > ¢/t > 0.
Therefore, there is no Zeno behavior.

This finished the proof of Theorem 1.

Similar to [4], select the following evaluation function

to+t
L= \//f el (r)ey(r)dr.

Design the following threshold

Ly, = supl.
d=0

The following decision logic is used to detect the fault
L S Lth7

L > Lth,

In this article, we assume that the states are not measur-
able, which means that the evaluation function L and the

threshold Ly, are determined solely based on the available
output error eq ().

Fault — free
Faulty.

IV. EVENT-TRIGGERED ACTIVE FTC CONTROL DESIGN
In this slice, we will combine backstepping technology
with fixed-threshold event-triggered strategy to devise an
active fault-tolerant controller.
The system (1) in faulty case can be described as

i = fiow) (T, xig1),1 <i<n—1
Ty = fnvg(t) (,fn, u) + dg(t)(fn, u)
Yy=12a1.
In the light of the previous design process, system (62)
changes into

T —xz+1+Ftp(xu L+1f)+Asz
—u—l—an(a?n,uf)—i—d (xn,uf)—i—A
y—l‘h

(62)

b+ Ad,

(63)

where Ad, = dp(Zn,u) — dp(Tp,uf).
Then, let &,,11,7 = uy, one has

fn = Cl‘n+H y—I—ZZ ip (xzaxz-&-lf)
=1
+AF; p| + Zp[u + dp(i’n, up) + Ady]  (64)

, R

—hy,, h,lyp

’ . ! 2,p
where C, = : I, 1 , H, = :
fh’ o N

Design the parameters th’ 1 <i<n,pe S, tomake
matrix C’p a strict Hurwitz matrix. Then, for any given matrix
Q; > 0, which is a define symmetric matrix, there is a

positive matrix Pz; to make

/T ’ !’ !’ I
C’p P, + PpCp < —Qp. (65)
A sate observer is modeled
@:@;HJFF/[)(;% %, )+h? (y — &)

9 )+d (&t 16a,p)

NG

(66)
where &, F/ (;%;,;z»;ﬂj 9;”1,), Ay, |0, ) 1< <
n, p € S, are the estimations of z;, F;, ($1,$i+17f),

dp(Zn,uy), respectively.

The unknown functions d,(Z,,uy), dp(i;”ulf) are both
approximated by FLSs

dp(Zn,up |0ap) = 05 ,0a(Tn, up) (67)

NG

d (J:n,uf 104,p) = Hd pgod(xn,uf) (68)

Define the following optimal parameter vector

05, =arg min [ sup |dp(ZTn, up)—dy(Z,,up 0ap)]]
ba,p€Za (Zn,usp)EPq

(69)
where 24, ®4 are compact sets for 0 p, (;f‘cn,uf). Besides,

define the following evaluated errors

P

Fap = dplin,ug) = ci(:cn,ufwm (70)
bap = dp(Fn,up) = dp(Eup|63,). (D)
Define the observation error as ¢ = [e], ey, --e,]7,

! A/ .
where ¢, = z; — 2;, 1 <4 < n. So we have

e =Cpe +AF, + Z,Ady + k), + Znkdp.

. / T ! Ly .
Select the Lyapunov function VO,p —=e Ppe , and VO,p is
going to be obtained as

VO,p =

2
! ’ /T ’ ’ /T !
Q||| + 2 TR AR, + 2T By ZuAd,

+2e TP, +2¢ TP Zkia . (72)
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Based on Young’s inequality, Assumption 1 and Assump-
tion 2, we have

It ’ /112 112 n 9 112 9
2¢ " P,AF, <lle| +|P, Zel( ‘e H +g7) (73)
i=1
/T ’ ’ 2 ’ 2 2
2P B,Ad, < |||+ || 2| 1Ay (74)
IT ’ ! ! 2 / 2 /* 2
2T P, < e+ | B | (75)
/T ’ ’ 2 U 2 2
2e " PyZnkap < |le | +||Bp| lxal- (76)
Substituting (73)-(76) into (72) yields
./ ! 2 ’
Vo, < — ’ M, (77)
’ ’ ’ 2 ’
where 8 = A\uin(Q,) — 4 — ’Pp e, Moo=
2 2
’ n - w112
|20 (s a2 + hadyl® + ||+ iz

According to the design procedure in fault-free case, we
can easily get the results of the final step of the backstepping
method. We first let 07 represent 6 .

Design the followmg virtual controllers and intermediate
control function with event-triggering mechanism (6)-(7)

’

o = *51X1 X1 *91 $01(x17392 f)
67 tanh(X1), (78)
ay
’ ro ’ ’ 3 ’ 804/ 1
= —b . — . - B - = ; 2/ 2
Q; i X Xi—1 [ 2Xz( axl )
— i, tanh(X2), (79)
’ 3 60/
’ _ —b B _2 nfl 2
an Xn 1 n 2Xn( 8.’171 )
—, tanh( )—wdtanh(x—”), (80)

’
o(t) = o, — & tanh(’“;,C ),

- ’ ’ Ipo oAt ’ gt ’
where Bn - hn,pel + 9n (pn(wnvuf) + ed (pd(xnauf) -
oar, 0 dal,_y ;

n—1 0o, _4 2/ n—1 O‘n 1 Ay ¢
2ict e i T s oy i N

—10 ,’L s N
Yic gﬁ/ S; - (&3 +0," @1(3?1, 2 )
Design the adaptlve laws below

aan 1

./ ror

01’ = UZXzSOz(x;Vuf) 720;722 13 ) 1, (81)
b0 = Naxnpa(Z,. ;) — Yaba, (82)
A7 A X oA

0 = i tanh(ZE) =710, (83)
ay

w; = an1 tanh(ill) :}/;UA);’Z = 27 y 1y (84)
a;

by = Tax, tanh(a—Z) — Faa. (85)

Theorem 2: Under the Assumption 1 and 2, consider the
faulty system (63) and observer (66). Given bounded initial
circumstances, the adaptive laws (81)-(85), the virtual control

signals (78)-(80), and the actual control input (6) ensure that
every signals within the closed-loop system remain bounded
with a family of switching signals constructed by the ADT

1 /
=2k (86)
€
and As(P)
’ max\4p
p' = max{———=,p, k € S}. (87)
)\min(Pk)

Moreover, the inter-execution intervals {t;; — tx} has a
lower bounded t* > 0, Vk € z7.
Proof:

Define the following Lyapunov function

’ / ’ o ]_ n ’ n 1 ~ ~1
Volx) = eT‘Ppe +§ZX1‘2+279¢T9¢
; . 7,
=1 =1 7
T R N
+—0704+ ==0,° + — b,
214 ¢ 2m ! ;2771' ’
I,
+-—wg, (88)
27)a ¢
\thGI'e X, = [elTaXL aXlnaéllv"' 70n70d;8/17@/2a"' ,’lZ)/n,’lZ)d],

04 = 0 — 04 stands for the error vector, Wy represents the
evaluation of w, further more, Wy = w); — Wq.
Then, one has

V.=V +¢,

p

where & = min{mi(ID)’Qb“%’w”y“w’l <i< n}

¢_M +2112 51*2+21221 w;? +
QWn| d +l/’ M, Ml (n—1)(3etgt+5r2)+
Zz 2 w azU + wdado

Then, design a function: [ (t) = e° tV’(t)( ).

We can ultimately derive the nether inequality

*

w(T) < Vyqr(T7)
< elog#/

7

+ 8 e
g

a

elog ' [1=<T g ()
(39)

where w' and @ are k.o functions, so that w HX H

Vo) <@ ()

According to (88) and (89), €', X;. 0;, 04, 07, W; and g
are bounded with the switching signal o (t) designed by 7, >
log /1//5/ . Due to 9;*, 03, 5/1*, wl*, w}; are constants, their
estimations 9;, 04, 5,1, w;, wy are bounded. Consequently,
the virtual controllers a; as well as the event-triggered input
u’ are bounded. Additionally, j:; and x; are bounded. Thus,
even if there is a fault, all signals within the closed-loop
system remain bounded for bounded initial values.

The proof of avoiding Zeno behavior is the same as before.

Theorem 2 has completed its proof.

V. SIMULATION

An illustrative numerical simulation is raised in this part
to showcase the effectiveness of the built control approach.
A second-order switched system is considered
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1 = fio0) (T1,22)
Ty = fo 5ty (T2, u) + It — th)de ) (T2, u) (90)
y=x1

where o(t) € {1,2}, fi1 =21 + 22 +23/7, fo1=x122 +
u3 /5, fio = x1 +sin(z2), fo2 = T122 + u + sin(u), d; =
0.5+ 3 +sin(u), do = 1+ 2% + cos(u), The fault occurring
time t; = 32.

Choose the following fault-free related parameters ¢ = 20,
l=1,¢=1,b; = 0.15, by = 0.25, a1 = 10, ay = 0.2,
Mm =7 =15 v =012, 9% =14, m =1, 71 = 4,
Ny = 3,72 =5, hl,l =12, hl’g =10, h2’1 = 1.6, h2’2 =12.
Moreover, x1(0) = 0.5, 22(0) = 0, £1(0) = 0.5, &2(0) = 0.
51(0) = 0.01, w2(0) = 0, 67(0) = [0,0,0,0,0]7, 67 (0) =

.o 0.22 -1
T
[0,0,0,0,0.5]*. Additionally, P, = { 1 764 }, P, =
26 =2

—2 1.88

In faulty case, choose the following parameters ¢ = 9,
I'=0.1,¢ =01, b, =0.15, by = 0.25, a; = 1, ay = 0.2,
ag =02y =7 =159 =129 = L4,y = 1.5, 7 =
1.5, 1 = 1.2, = 3,1y = 1.5, 1y = 3.5, na = 2, 74 = 3.5,
hy, = 10, by, = 10, h’21 = 1, hy, = 15. Meanwhile,

. Then, choose the average dwell time 7, = 3.

21(0) = 0.4, 25(0) = 0, #,(0) = 0.4, #,(0) = 0. 5;(0) =

0.01, w,(0) = 0, @ () = 0, 6,7(0) = [0,0,0,0,0]7,

0,7(0) = [0,0,0,0,0.5]7, 67(0) = [0,0,0,0,0.5). The
. 0.2 —1 3.2 =2

matrices P1 = { 1 102 ], P2 = [ _9 155 } Then,

choose the average dwell time 7, = 1.5.

Figs. 1-10 display the simulation results, where Fig. 1
and Fig. 2 show the profiles of the values of states zi, x2
and their estimates &1, &2 in fault-free case. We can easily
see that they all bounded and the observer performed well.
Fig. 3 represents the trajectory of event-triggered input u
and the in-process control signal v in fault-free case. The
intervals between triggering events are displayed in Fig.
4 and Fig. 9, which mean that the control signals « and
u’ are intermittently conveyed. Additionally, the number of
triggering events are 40 and 54, respectively. Fig. 5 and Fig.
10 describe the switching signal in fault-free case and faulty
case, respectively. The faults occur at 32s. Figs. 6-7 show the
system states x1, xo and their evaluations 2, 25, obviously,
the system states can be approximated even though there
exist faults. Fig. 8 reveals the trajectory of event-triggered
input v’ and the intermediate control signal v’ in FTC. Every
signal within the system remain bounded while faults exist,
as can be observed.

VI. CONCLUSION

The current study proposes an active event-triggered FTC
technique for a category of switched nonlinear systems.
Through Butterworth LPFs, this switched system is trans-
formed from its pure-feedback form into an affine form. In
order to estimate unknown nonlinear functions and errors,
FLSs are employed. A backstepping technology-based event-
triggered method is used to create an event-triggered FTC
technique. The whole closed-loop system signals are guar-
anteed to stay bounded by the switching signals featuring an
ADT under the suggested controller. The simulation findings
attest to the viability of the proposed technique.
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