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Abstract—1In this paper, the adaptive fuzzy control of switched
stochastic nonlinear systems with set-time prescribed perfor-
mance based on event-driven mechanism is studied. The creative
part of this paper is that based on the set-time performance
function, a modified event-triggered strategy that considers asyn-
chronous switching to deteriorate system performance without
strict assumptions is presented, which avoids Zeno behavior and
saves communication resources. Then, by using backstepping
recursive design technique, Ito’s differential lemma and mode-
dependent average dwell time (MDADT) method, a novel adap-
tive performance control scheme is proposed, which can ensure
that all the variables in the system are semiglobally uniformly
ultimately bounded (SGUUB) in probability and the tracking
error gets into prescribed boundary no later than an arbitrarily
adjusted setting time. Finally, the proposed algorithm is applied
to a RLC circuit and its practicability is verified via simulation
results.

Index Terms—Fuzzy logic system, event-triggered scheme,
multiple Lyapunov function techniques, switched nonlinear
system.

I. INTRODUCTION

N RECENT decades, the electrical circuits and its control
methods have been researched deeply in reports [1]-[4].
It is worth noting that the existence of nonlinear dynam-
ics in electrical circuit systems can not be ignored, so the
controller design of nonlinear systems has aroused great
interest of scholars, and massive excellent achievements have
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emerged based on neural network or fuzzy approximation
approach [5]-[9]. However, the above control schemes are
mainly applied for nonstochastic nonlinear systems. An enor-
mous number practical engineering systems are subject to
stochastic uncertainty, such as biological system, financial
system and chemical reaction process and so on. For non-
triangular multi-input and multi-output (MIMO) stochastic
nonlinear systems, an adaptive tracking control scheme based
on a new stochastic finite-time stability theorem was proposed
in [10]. Then, Liu et al. [11] studied the control design
of nonlinear stochastic systems with state constraints for
the first time by constructing two different forms of barrier
Lyapunov functions. For discrete-time stochastic nonlinear
systems, an adaptive neural control scheme that mitigates the
communication burden and improves the tracking accuracy
was developed in [12]. Furthermore, for stochastic systems
with unmeasurable states, some effective state observers were
elegantly designed in [13]-[15] to estimate the unmeasured
states.

Unexceptionally, the above researches are both interesting
and challenging, but their conclusions are only valid for
nonswitched systems. Due to the fact that most systems are
difficult to be described by one model in practice. Multi-
model switching control have capacious developed foreground
in practical systems. For the stability analysis and controller
design of switched systems, massive outstanding achievements
have been popping up (see [16]-[24]). Especially, the MDADT
of milestone was proposed in [24] to analyze the stability
of switched systems, which aroused the attention of many
scholars. Since then, such method is extended to many kinds
of switched systems to relax the restrictions of switching
signals and realize the stability of system. To just name a
few, Yang et al. [25] developed a transition probability-based
MDADT switching mechanism for dynamic systems with
mixed delays by designing a multiple Lyapunov-Krasovskii
functional. In [26], the exponential stability was studied for
discrete-time switched positive systems under the framework
of MDADT. It was first reported in [27] that the adaptive
control scheme for switched nonlinear lower triangular sys-
tems under MDADT switching. Nevertheless, up to now, the
investigation of the adaptive control for switched nonlinear
systems with random noises under MDADT switching is
seldom.
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Furthermore, the transient performance of controlled sys-
tems is not considered in the above articles. The prescribed
performance control (PPC) method was first proposed in [28]
and quickly applied to various nonlinear systems, such as
large-scale nonlinear systems [29], MIMO nonlinear sys-
tems [30], and stochastic nonlinear systems [31], ect. Sub-
sequently, for the convergence time of closed-loop systems,
their finite-time adaptive neural networks and fuzzy PPC meth-
ods were studied in [32], [33], which effectively solved the
problems of slow convergence and low accuracy of traditional
adaptive PPC method. Although the above PPC schemes have
satisfactory control effects, they have a common disadvantage,
that is, the initial value of the performance function depends on
the reference signal and the system output. But many industrial
systems do not have constraints at the initial time, after the
system runs for a certain time, there will be constraints on the
system performance, that is, in [0, T'], there are no constraints
on the system; and after + > T, the system has constraints.
Therefore, how to design an effective adaptive PPC scheme to
deal with this more complex constraint situation is worthy of
further research.

On the other hand, event-triggered communication con-
trol (ETCC) has attracted widespread attention due to its
important role in networked control system [34]-[38]. For
the ETCC of the switched systems, an enormous challenge
is that the asynchronous switching between the subsystem
and the controller is proving elusive. Asynchronous switching
is caused by the switch within two consecutive triggering
instants. Most of the existing results evade this problem or
make strict assumptions about the maximum asynchronous
duration, resulting in a lot of restrictions on the applicability of
the results in practice, e.g., [39]-[41]. Recently, some excellent
reports [42], [43] have been published to solve asynchro-
nous switching to ensure system performance. Unfortunately,
the above schemes do not consider stochastic disturbances.
In other words, these event-triggered controllers do not be
directly applied to switched stochastic nonlinear systems.

In conclusion, we find that the event-triggered fuzzy con-
trol methods for switched stochastic nonlinear systems are
numbered. Also, the existing methods do not ensure the
transient performance of the controlled plant under asynchro-
nous switching. In this paper, a fuzzy set-time PPC scheme
is proposed for switched stochastic nonlinear systems. The
innovations of this article can be embodied in the following
points.

1) By introducing the set-time performance function into
the controller design, the proposed adaptive fuzzy set-
time PPC scheme not only ensures that the tracking error
gets into the predefined constraint region no later than
a settable time 7, but also eliminates the “initial condi-
tion” of the constrained variable e; in the traditional PPC
scheme.

2) A novel mode-dependent event-triggered mecha-
nism (MDETM) is designed for switched nonlinear systems
with random noises considering the impact of asynchro-
nous switching on system performance. The proposed control
scheme achieves the expected control effect while mitigating
the communication burden.
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Fig. 1. Schematic diagram of RLC circuit.

3) By using the lower bound of the control gain func-
tions of each subsystem, the individual Lyapunov function is
constructed, and a novel event-triggered fuzzy performance
controller is designed so that all the variables in the system
are bounded.

II. PRELIMINARIES AND PROBLEM FORMULATIONS
A. Basic Knowledge

Definition 1 [13]: Consider the stochastic system dx =
fx(r))dt 4+ g(x(t))dw. Define the differential operator ¢ for
C? function V (x) as:

ov. oV 1 %
V=-"o+—f+=-Trigh — 1
o T/ taTrie S 78 1

where Tr(A) is the trace of A.

Lemma 1 [10]: Let f(Z) be a continuous function defined
on a compact set Q. Then for any 7 > 0, there exists a fuzzy
systems w’ S(Z) such that

sup | f(2) — y" S(2)| < .

7ZeQ
Lemma 2 [8 ].'EFor VY w1 > 0 and wy € R, the following
result hold

@
0 < |wy| — wy tanh(—) < 0.2785w. 2)
w1

B. Problem Statement

Consider switched Ito stochastic nonlinear systems

dx; = (lig(t)(X)Xi1 + fio@)(Xi))dt
+gl7:o-(t)(il)dwa i = 19 2’ e, — 19

dx, = (ln,a(t)()zn)u + fn,a(t)()zn))dt (3)
+r 5y En)dw,
y=2x
where ¥; = [x1,---,x]7 € R, i = 1,2,---n, y € R

are the system states, output, respectively. o (¢t) : [0, 00) —
M = {1,2,---,d} is a switching signal. /; ,(x;) is known
control gain funcation. f; ,(x;) and g; ,(x;))(1 < i < n,
p € M) are unknown smooth nonlinear functions satisfying
local Lipschitz. w € R” denotes standard Brownian motion.
Remark 1: The above-mentioned switched stochastic non-
linear system can be applied to the RLC circuit with stochastic
perturbations in the capacitor and the inductor. For example,
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a RLC circuit is shown in Fig. 1, where L is the inductor, R
the resistor, C1, Cp the two mutual switching capacitor.

Define the tracking error as e; = y — yg with y; being
the reference signal. In this paper, the tracking error need to
satisfy

&) <er <&@), t=T>0 4)

where T is a time parameter, £((¢) is called the set-time
performance function and is defined as

&) = (G0 — Exo)e ™D p & )

where &y > o > 0, k1 > 0 are the design parameters.

Remark 2: Whether it is the traditional PPC schemes pro-
posed in [29]-[31] or the finite-time PPC schemes proposed
n [32], [33], the performance function requires “initial con-
dition”, that is, & (0) satisfies —¢&1(0) < e1(0) < £&(0).
Obviously, &1 (0) introduced in this paper is independent of the
initial conditions of the system output and the desired signal.

Our control objectives are as follows:

1) All signals of the controlled systems are SGUUB in
probability under MDADT method;

2) The tracking error e; gets into a prescribed boundary no
later than a settable time T;

3) The designed MDETM is Zeno-free.

To this end, the following mapping is proposed:

x1 = tanh(ey) 6)

meanwhile, the following indirect performance function & (¢)
is adopted

&) < xy1 <&, =0 (7
where
&) = Ne—"z’(s(t)si_sl) + tanh(¢p),
0
s() = (m—%k“%ﬁ+m,0§t<ﬁ
S1, t>T

and N > 1, ko >0, 5o > 0 51 > 0 are the design parameters.

Remark 3: According to the expression of &, it can be seen
from N > 1, when t = 0, we have &(0) > 1. Then from
—1 < y1(0) < 1, it follows that —&(0) < x1(0) < &(0). And
the proposed method removes the “initial condition” imposed
on the tracking error ej.

Specially, the following assumptions are imposed.

Assumption 1: (Slow Switching)

(1) There exists a number z; > 0 (called a dwell time) such
that any two switches are separated by at least 7; > 0;

(2) There exist numbers 7., > 7 (called a mode-dependent
average dwell time) and Ny, > 1 such that

Nop (T, 1) < Nop + 220,
Tap

VT >1>0 (8)

where N, ,(T,t) is the numbers of times the pth subsystem
is activated on [¢, T'], T, (T, t) is the total running time of the
pth subsystem on [z, T]
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Assumption 2: There are two constants b
0 < bp < i)l = bp
we assumes that sign(/;, p(xl)) > 0.

Assumption 3: The reference
derivatives y‘(;)(t), i =
bounded.

im> bi,M such that
Without losing generality,

vqa(t) and its

,n are known and

signal
1,2,

III. ADAPTIVE Fuzzy CONTROL DESIGN SCHEME

The development of backstepping design starts by defining
the following coordinate transformations

T X1
25 ) )

i = Xj —O0j—-1, i:2539"'9n

= tan(—=—

where a;_1 denotes the virtual control signal. To simplify the
backstepping process, the virtual signal o; and the adaptive
law W; are chosen as

o) = —p—(qz L+t 51 (Z1)$1(Z1)), (10)
G =~z — ST (Z)Si(Z), i =23, ,m, (1)
. I: 6 l
7 iZi or o
Wi = b STZ0SiZ) Wi, i =120 (12)
i
where p; = 1 — tanh(e;), p» = 520052(252' ,
¢, I; represent positive design parameters. Z| = [x1, &, &,
yda)}d]T [)Ez,WlaWZ, Wl 19529&2”" 5 2()’yda

(l)]T(z > 2) Define W; = max,ey {HW"’H } with b min =
mlnpeM{bim}, W; = W; — Wi, W; is the estimation of Wi.
Step 1: From (3) and (9), it follows that

T _ _ .
dz) = %(/}111,17()61)(@ +oa1) + p1(f1,p(X1) = ya)

1&
= I g pEd. (13)
The Lyapunov function candidate for the pth switching

subsystem is defined as

p

"2, (14)

1
V —
Z1+ 21 1

4
Thus, £V1,, is given as

’g
T2 _ _
tVip = 2_1(plll,p(xl)(22 +a1) + p1(f1,p(X1)

p
& b
_yd) - X—) - TW1W1
37°p}
+——Latel gLy (15)
8p;
By using Young’s inequality, one has
TPl . 4/3 3/4
2—2111 p(X1)z2 < —( ) /311,p(x1)z‘11p1/ p2/
P2
+thao£, (16)
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3n2p} 4p4 3
852 ——agel g ) < 16p§ Cllgn @Dl T 7
(17)
Therefore, (15) can be rewritten as
TPy _ 1 -
vy < %Z?ll,p(xl)al + le,ng +21 fip(Z)
3 4 bl .m 3 2
——z] - Wi W — 18
421 11 1+ 16 ay ( )
where fi.(Z1) = pifip(1) + G a2 g @l -

3 4/3
p1ya+izi+i llp(xl)Z?Pl/ /

system v/, pSl (Z1) approximate fl,p(Zl), we have

Nip(Z1) =yl ,S1(Z1) + 67 (Z1)

where |5f(21)| < 71 with 71 > 0. According to Young’s
inequality, it can be given
P
37 by
71f1.p(Z1) <

X;r_fz~ By using fuzzy logic

19)

6
W 1
= 12 SlT(Zl)Sl(Zl)JrEa%
1

+3a g Q0)

Substituting (10), (12) and (20) into (18) yields

~ 1 _ -
Vi < — clb1 DY W w1+111,,,(x1)z‘2‘ +11 @D
where'fl = }éa% + %rf‘.
Step i (2 <i <n—1): From (3) and (9), one has
dzi = (li,p X)) (zit1 + a;) + fi,p (X)) — Loy—1)dt
i—1
_ oai—1 _
+(8ip (@) = D ——gjp(F))dw  (22)
J

j=1
where

oai—
Caii =Z - 1(l,p(x,>x,+1+f,p(x,)>
1

—1
oaj—1 *
E l,\ 1Wj
ow

Oai—t (j+1)
+Z N0 Ya .
j=1 J

1160!1
3 2 e

The following Lyapunov function candidate is defined

gj p(x])gS p(xs)

p
1y 2

Vi,p — Vi—l,p + Zzi + 2llrln W (23)

and then, we have
CVipp = CVimtp + 23U p G @igt + i) + fip (B) — Cotizy)

b 3
i+ 20T, om0
I

i1
where ¢, (%) = gip(¥) — > %=

j=1
Young’s inequality, the following mequahty holds

g] »(X;). By utilizing

_ 3 _ 1 B
23l p(%i)zig1 < Zz,-,,,(xoz:‘ + Zli,p(xoz:ul, (25)
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3 3 _ 3
el pbip < Ja7 2 i1 + Jal. (26)
Using (25)-(26), (24) can be rewritten as
_ 1 _
Vip < OVisrp + 200 p(Ri)ai + Zli,p(xi)Z?Jrl
_ 3 b? ~ A
+2} fip(Zi) — ZZ? - ll’.m W W;
1
3, 1 o
+ Vi Zli—l,p(xi—l)zi (27)
where fi ,(Z; ) = fip ) + 3 2a;7%zillpipll* — Coioy + 32 +

—ll p(Xi)zi + ll 1L,p(Xi—1)zi. Same as (19), it can be given
fip(Zi) =yl ,Si(Zi) + 67 (Z))

where |(5f (Zi)| < 7; with 7; > 0. Furthermore, the following
inequality can be obtained

(28)

P 6
zmz

_ 1
2 fip(Zi) < ST<zn)sl (Zy) + za}

i

3, 1,
+3a g @)

Substituting (11), (12) and (29) into (27) result in

i

Vi, < clb1 it = Z(cjbfmz])+2b JWiW;
j=2
L, -
+ 3l @ + Z T, (30)
j=1
i
where z %a +1
Step n: Flrst let T§ =tx, Th, | = trgr, TH, T, TE

are the switching times on [#, fx+1). The MDETM is designed
as follows

31P (=
I
uP(t) = —(1 + 2)(on tanh(M)
p
310 ()
+h1tanh(7z"n(x") N
pp
D1 &) T,
~ G 7, Gl ) Ty G31)
p
u(r) = u”"k)(m, <1< lips (32)
trs1 = inf{t € RIS D(0)] = Au”® (1))
+e+ Ty}, (33)
o) (Thky _  0(T Tk k Tk
7, = [ OTH =TT e THTY, gy
0, otherwise
where p70@) = u? W () — u? D), hy > 5. € > 0,

pP > 0and 0 < 1 < 0.5 are design parameters.

Remark 4: For the studied switched stochastic nonlinear
systems, the MDETM that relies on switching signals is
cleverly designed, which not only mitigates the communica-
tion burden, but also eliminates the impact of asynchronous
switching on the system performance.

Remark 5: It can be seen that the triggering error of the
designed MDETM is discontinuous at the switching moment,
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and switching may cause additional continuous triggers, which
may lead to Zeno behavior. The introduction of variable T,
effectively avoids the above problems.

From (3) and (9), one has

dzp = (ln,p(XDu + fi,p(Xp) — Loy —1)dt

n—1 o .
+ (ln,p(in) - Z ani_
Xj

j=1

1 p(E)dw  (35)

where

o0ai_1
loy—1 = Z a; (l] p(x])ijrl + fj p(xj))
=t

Oai—t (j+1)
+Z (/) Yd

4= Zaall

j — 8)61'8

1 .
Z oai—1 Wj

jlawj

8], p(xj)gs p(xs)

Define the Lyapunov function candidate
lz4 + i W,
4" 2,
From (35) and (36), we have

CVnp = Va1 p + 20l ptt + f, p(;zn)

_bim g
T, W+ zn¢>,?,,(xn>¢np(xn> (37)

Vn,p = anl,p +

(36)

—Lon—1)

where ¢, ,(X,) = gn,p(Xn) — Z ax Lgj p(¥;). By utilizing

j=
Young’s mequahty, the followmg inequality holds

3 _
—z,,qb,, P A A (38)
By substituting (38) into (37), it gets
an,p =< anfl,p + Zgln,p(in)u + ngn,p(zn) - ZZi
P 3 4
ln Wan"f‘ 4an 4ln—1,p()zn—l)zn (39)

where fn,p(zn) = fn,p(in)"‘ja;zzn”an,p”Al_&Zn—l +%Zn+
}—tln_l,p(in_l)zn. Same as (19), one has

Fap(Zi) = vl ,Su(Zn) + 0 (Zn) (40)
where |05 (Z,)| < 1, with 7, > 0.
By applying Young’s inequality, we have
_ bl 28w,
2 @) < 2 W ST (7,)5,(Z0) + 5 X
n
+ 3 + 1 41
4Z 4
By using (41), (39) can be converted into
rlzy,ng n ol
Vg < Vot p+ 2050 T GT (7,)8,(Z0)
2a}
pm o 5
+ 20y E)u — =W, W, + =a?
I, 4
1 _
+ 57— gl tp Gz 42)
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Next, we will divide the system dynamics into two parts
for discussion based on whether the pth subsystem is syn-
chronized with the candidate controller within the triggering
interval [tx, fr+1).

Part 1: synchronous interval.

At this time, o (1) = o (tx) = p, T, = 0. From (31)-(33),
we have u” (1) = (1 +91())uP (&) +192(t)6, vt € [k, tks1),
where ¥1(t) € [—1,1],%2(t) € [—1,1]. Then, the actual
controller can be expressed as

ul (1)
14+ 912
Therefore, (42) can be repeated as
bn ,m<p W

2a;

e

u=uf() = TF o0

(43)

5
CVap < EVp1p+ “ST(Zn)Su(Zn) + a

1 _ 013
+ 7zgln,p(x,,)up(t) 13 19 l

1+ 9,4 np(xn)

Y 1, 1 _ 4
W, W, + an - _lnfl,p(xnfl)zn- (44)

Zalh Ga)u? (1) Slh GauP (@) p e

Based on ==y = T In Gl 1557 |

l,f(in)ﬁ, iy > 1%, it follows that

111),mzy6, n oT brlzj,m =~ A
202 Sn (Zn)Sn (Zn) - l Wn Wn

an,p =< anfl,p +

1 l n n
) (an tanh($>

T /1
Gl (Bl Vo€
71 tanh —
+ ( pP ) 1+ 914

Z?,ln,p ()En)

5 1 1 _

+ 3+ T - 4ln_1,p<xn_1>z3

bl 5w, bP

%ST(Zn)Sn(Zn) "
Iy

lnfl,p(fnfl)zi +0.557p?

= gvn—l,p'f‘ mWan

5 1
+ 4an + ZT"
+ ann,p(xn)an- (45)
Using a process similar to Step i, it gets

n n
Clbl mZ1 Z(c;bzmzﬁ-) + be,ij W;
j—2 =1

OV p <

1
—i—ZT + a +—r +0.557pP.  (46)

By means of Young S mequahty, we get
n
2.0
j=1
where bj max = maxpeH{b . M}. Then, (46) becomes

Clbl mzl Z(C] Js m?

. 1<
S WiW; 5——2[; W}+§ij,maij? (47)
J=1 j=1

V. <
——Zb” W2+A (48)

where A, = Z T +3 Zb]maxwz—i—saz—i—
j=1

4.40.557pP.
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Part 2: asynchronous interval.
D If o) # p, o(t) = p with t € [T, TX). At this
moment, the MDETM (33) can ensure that

u” @ (1) —uP ()] < Au” @) + Ty +€. (49
Similar to the derivation in Part 1, we have
310 (=
o0y Ge)uP (¢
I () = I8 G @ (1) < #
+
+12318 (= n) Z1. 0 (50)

Take the same steps as Part 1 to get

n
Vpp < — clb1 =D (eibh ) — —bemWZJr Ap
i IZ;,lrlzy()En)Tw _ Z?,lrlz](in)Tw tanh(znlf(xn)Tw)
1—4 1—4 pr
n
T 4 2
< e Setfuch -1 S

j=2

+Ap +0.557p. (51)

@ This interval is nonempty only if » > 1. At this time,

o) # p.o(t)=pwitht € [TF, T ), i=2,---,r. The
MDETM (33) is the same as Part 1 to ensure
) (1) — P ()] < 2u” W (1)] + €. (52)

Then, using the similar derivation given in Part 1, we get
Z;,lrlz’ ()En)up(t)
142

+anp(xn)—/1-

It can be obtained by using the same procedure as in Part 1

Clbl mzl Z(C] J.m j

15 Gyu(t) = 315 G)u® ™ (1) <

(53)

tVyp <

——pr Wi+ Ay (54)

The synchronous/asynchronous discussion between the sub-
system and the candidate controller is completed. Next,
by selecting the Lyapunov function candidate V,, =V, ,, we
have

tVy < —npVp + A (55)
where 7, = m1n{27rclb1m,4clbl o it = 2,3, nj,
A =max{A, +0.557p?, p € M}.

Theorem 1: For the switched stochastic nonlinear

systems (3) under Assumptions 1-3. The actual controller (32),
the adaptive law (12) and the MDETM (31) (34)1 are
nhp

constructed for o(z) with MDADT 75, > 7,, = =
bP

,up—max{k N —

the followmg.
1) All the resulting system signals are SGUUB in
probability.

1,2,---,n,Yk € M}, it can ensure
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2) The tracking error e; gets into a prescribed boundary no
later than a setting time.

3) The designed MDETM is Zeno-free.

Proof. First of all, we prove that all signals of the control
system are bounded, and the discussion is divided into two
cases.

Case 1: When u, = 1(p € M), we get V, = V,,Vp,
q € M. Therefore, the common Lyapunov function V = V),
for all subsystems satisfies (55), which means

E{V(n)} = V() +

V>0 (56)

HNmin
where #min = min{,, p € M}. Therefore, it can be concluded
that all the signals in the control system are SGUUB.
Case 2: When 3Ju,, > 1(p,q € M). There are
functions y,7 € Koo, such that y(|Y]]) < V,(Y) <

y(||Y|l), for an arbitary T > 0, let tp = 0 and
H,tr, - IN,0,7) are the switching times on

d
Z Nﬂ'p(T9 O)» p € M
p=1
Consider the piecewise continuous function H(t) =

eiﬂ(l)’VU(t)(Y(t)). From (55), on each interval [¢;,#;41), one
has

’t39ts+1,"’ 5
[0, T'], in which N, (T,0) =

H(t) < A€’ 0" V) (Y (1)) + X0V, () (Y (1)),

Invoking the fact E[dw(t)] = 0, we have

(57)

L+t
E[ | H(t)dt} = E{H(t;, )} — E{H (1))}

Li+1 .
E / e Adtt . (58)
]

It is shown from V, (Y (r)) < up,Vy(Y (1)), one has

IA

E{H(tj+D} < po;nE {e(%(t_i+|)*ﬂa(z_;))t_/+1H(tf )}

i Z('?a(/, Do ())li+1
= H#U(fi+l)E er=0 " H (10)
i=0
J 1+1 p
+ELY] (Ql,l / e Adt) (59)
1=0 i
J J
where Q1 = [1 o (1i41) €XP > (770(ti+1) — No(i;))i+1 (-
= i=l
Hence

T
E{H(T™)) < E{Q2H(0)} + E[ /

Ng (T,0)

Ae’?rr(tNg (Tvo))tdl‘]

Ny (T,0)—1 41
+E Z (Qz,z / e”"“ﬂ’Adt)
1=0 U
(60)
where
Ny (T,0)—1 Ny (T,0)—1
02= H Ho (ti41) €XP [ Z (”U(I;H) — Mo (1)) li+1 ] >
i=0 i=0
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_Nn(lT_,i)—l Na%)—l( B . ¢ (p) stands for the set of [ satisfying o(fy) = p,f; €
Qu= 1l #Howmexpy M) “Ha @)L o, 11,1y, fg1, -1y, —1), and emin = min{ep, p € M)
i=l i=l with Ep € (0, Np — In ﬂp/fap)
Then get from (60) that Then, from zqy > (In up/7p) together with (8) get

E{V, (Y (T))}

E{V, - (Y(T))}

T
<E {Q3VU(0)(Y(0))} < E{Q4V,0)(YO)} + E {esminT/ Aesmintdt}
Ny (T,0)—1 f1 INg (T.0)
Mo’ Adt d
+EL D> (0a \ e No(T.0~1 , d Nop 2, UIp=en) Ty (Tot11)
s=0 +E Z H Up er=
T =0 p=1
+E e_””(’Nﬂ(m))T/ Ae" N .00 df d
Ny (T,0) - Zl NnpTp(T,t141) ot 1141 o
= .e P= e~ Eminfi+ efminl A d¢
< E{Q3V50)(Y(0))} /z, )]
No(T.O)-1 fa1 T
+E Z (Q3’le&'mintl+l/ eSmintAdt) < E{Q4Vg(o)(X(O))}+E e—smmT/ Aefmint 4f
=0 7l INg (T,0)
T N, (T,00-1 [ 4
+ E [e—gminT/ Aegminfdt} + E[ z H /.lgopeicmi"(Tit,_H)
INg (T,0) 1=0 p=1
<FE {Q3 VU(O)(Y(O))} X efﬁminf/-#l /tl+1 egmi"t/\dl‘)]
N, (T,0)—1 4
+E Z (Q3 e —&minfi41 / Fmin’Adr) = E{Q4V0(0)(Y(O))}
1=0 L T
+E H ,u,,OPe_Emi“T/ Aefmin'dt
+ E }eéminT / Aefmint dy (61) = 0
INg (T,0) Z N1
Op Ny p max((ln,u,,/rap) np)T N
where < er=! er E{y (1Y)}
N, (T,0)—1 N, (T,0)—1 + H Nop 62)
03 = H Ho(1j41) €XP Z (1o (tj41) €min
j=0 j=0
= No)tj+1 — o (in, o) T + ﬂa(to)tol, where Q4 = exp{ Z Nop In p1p} expf Z( —1p)Tp}.
’ ' p=
N, (T.0)—1 N, (T.0)—1 Therefore, all 31gnals in the control system are SGUUB
’ under MDADT method. Furthermore, we need to prove that
= ex
Q0. 1L Aetn p[ ; (o 1) &) < e < &(),t > T > 0. With the help of the
boundedness of z; and tan(= %) = 00, it follows that
~ o)+t = ’7'7(%"’0»4’ —&(1) < 1 < &), (63)
d H
_ N, From (6) and (7), we have
03 = H tp'” CXP{ - Z[fvp Z(UH —1)]
=1 =1 g —& (1) < tanh(ey) < &(2). (64)
— o) (T —tn,) According to the expression of & (), when T > ¢, we can
7N ) ’ obtain
- & 0 < &(1) = tanh (& (1)). (65)
Osi= [ #ownexp{ D (ot
i=l i=l Upon using (64) and (65), it is shown that —&|(r) < e] <
a@),t>T.
o @)ti+1 = No(n) T + No@li1 > Finally, according to the number of switches between two
d d d continuous triggering instants, three cases are used to prove
5 T hat the designed MDETM is Zeno-f
— ex No. In ex P In N T, !, that the designe 1S Zeno-1Iree.
Qs P {pz_; or ,up] P {pz_:l Tap #r z p p] Case 1 Triggering Interval With No Switch: Let ¢ (t) = p
J J for all ¢t € [t, ty+1). Upon utilizing the definition of 7 (r),
~ Nop (Tt h
03 =[] wp 4 HI)CXP[ =2 mpTp(T. t1+1)], onie s .
4 \pp| — ¢ PYRP WP
p=1 71 1BP1 = sign(BP)Br < [uP (1)].

p=1
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With the help of (31), it follows that u? is differentiable
and u? is bounded. From fSP(f) = 0 and tli;n pr@) =
k41

(AluP ()| + €) to get tyr1 — tx = (Alu? (%) +e€)/01 > 0,
where g is a positive constant satisfying |u?| < pj.

Case 2 (Triggering Interval With One Switch): Assume that
the switch occurs at Tll‘ € (t, tx+1)- Noting that, it can be
seen from [u® ) () — u 1 (T < 2u” @ (4)] + € + T, that
no additional trigger will be generated at T’f. From case 1,
%Iﬁ”(tkH < p1 can be obtained in (1, T’l‘). As in case 1, it can
be guaranteed that %lﬁ”(—rbl <p2in (Tll‘, tk+1), Where p7 is
a positive constant. It is shown from the above analysis that
tesr — te = (Au” W (1)] + €)/{max g1, 2} > 0.

Case 3 (Triggering Interval With Multiple Switches): Ny
is the number of switches on the kth triggering interval, and
obviously tx+1 — tx > Nitj > 0.

Based on the above analysis, the designed MDETM is
Zeno-free. The proof is completed.

Remark 6: To prove the stability of the switched system
based on the multiple Lyapunov function techniques, it is
important to construct the relationship between any two Lya-
punov functions. In this paper, the cumulative relationship of
two Lyapunov functions is found by using uniform coordinate
transformation and common adaptive law for all subsystems.

IV. SIMULATION EXAMPLES

In this section, the effectiveness of the proposed theoretical
results is verified by numerical example and practical example.
Example 1: Consider the following numerical example

x1 = (l1,6(r)(*X1)x2)dt,

X2 = (l2,0()(X2)u + f2,0(1)(%2))dt
+ 83 5 (n(F2)dw,

y =Xl

(66)

where o (t) : [0,00) = M = {1,2}, [1;; = 1 + 0.3cos(xy),
lip = 1+ 05cos(x1), Io,1 = 1+ 0.7sin(xjx2), Ly =
1 + 0.6cos(x1x2), fo,1 = 0.Isin(x1), fro = 0.1cos(x}),
g3, = x1sin(x1), g7, = sin(x1). The desired signal y,(r) =

0.7 sin(r). The following membership functions are selected:

IuF_l _ e—o.S(x,»+1.5)2 #F; _ e—O.S(x,-+1)2
1 > 1 B

UF3 = 7 050iH0.57 ) pd =05
i ? i >

ﬂF-S _ e—O.S(xi—O.S)Z ﬂF_ﬁ _ e—O.S(x,-—l)2
1 B I B

,uF-7 _ e—O.S(xi—l.S)z
; .

The initial conditions are [x1(0), x2(0)]” = [—0.5,0.4]7,
Wi 0) =15, W, (0) = 4. The design parameters are chosen as
a;=10,¢1 =511 =08,a, =10, 2 = 1,1 =0.7, A = 0.3,
i =5€e=2p =1,p>=08,&=0.1, & = 0.01, k1 =
0.7, so = 5,51 =3, ko = 20, N = 10 and the setting time
T = 2s. Furthermore, it is shown from u; = 1.4, 1 = 0.7,
u2 = 1.3, mp = 0.7 that 7,1 > 0.4807, 740 > 0.4110.

The simulation results are shown in Figs. 2-8. Fig. 2 displays
the tracking performance of the output y. Fig. 3 depicts
the control effect of tracking error e, and e; gets into a
prescribed boundary no later than a setting time 7 = 2s
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Fig. 2. Responses of tracking performance in Example 1.
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Fig. 3. Responses of control effect in Example 1.
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Fig. 4. Responses of xp in Example 1.

without —¢&1(0) < e1(0) < &1(0). The system state x, and the
adaptive parameters W1, Wy are described in Figs. 4 and 5,
respectively. The trajectory of control input u is shown in
Fig. 6. Fig. 7 gives the time interval of event-triggered. Finally,
the responses of the switching signal is illustrated in Fig. 8.
Example 2: In order to verify the practicability of the
proposed control method, the RLC circuit given in [16] is
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Fig. 5. Responses of Wy and W5 in Example 1.
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Fig. 6. Responses of control input # in Example 1.
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Fig. 7. Inter-event times in Example 1.

considered.

X1 = xpdt,
(67)

R 1
X0 = (u— — —x2)dt + sz sin(x)dw

Coay L

where L = 1H, C; = 0.5F, C; = 0.8F, R = 0.1Q. Define
X1 =gc, X2 = PL.
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Fig. 8. Responses of switching signal in Example 1.
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Fig. 9. Responses of tracking performance in Example 7.
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Fig. 10. Responses of control effect in Example 2.

The membership functions are the same as Example 1. The
initial conditions are [x(0), x2(0)]” = [1,0.8]7, W;(0) = 1,
Wz (0) = 1. The design parameters are chosen as aj = 1, ¢ =
25,11 =05, a2=5,¢c2=5,1pb =0.1, 2 = 0.3, iy = 0.25,
e=01,p'=1,p>=08, & =0.1, & = 0.01, k] = 0.7,
so = 5,51 = 3,k = 20, N = 10 and the setting time
T = 3s. Especially, we get u; = w2 = 1, which means that
a common Lyapunov function can be found for system (67),
and Theorem 1 holds under arbitrary switching signals.
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Fig. 11. Responses of x in Example 2.
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Fig. 13. Responses of control input # in Example 2.

The simulation results for the RLC circuit are shown in
Figs. 9-15. From Figs. 9-10, we can see that e; can be
constrained in performance function no later than a setting
time 7 = 3s without —&(0) < ¢1(0) < &(0). Figs. 11-13
display the boundedness of x», Wl, Wg and u. The trajectories
of the trigger time interval and the system signal are shown
in Figs. 14 and 15. Simulation results verify the practicality
of the proposed control algorithm.
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Fig. 15. Responses of switching signal in Example 2.

V. CONCLUSION

Based on the event-triggered strategy, this paper solves the
problem of fuzzy control for stochastic switched nonlinear
systems with set-time predefined performance. Combined with
MDADT method and Lyapunov function stability analysis,
a fuzzy performance algorithm is proposed. The contribution
of this study is to introduce the MDETM into the performance
control design of switched stochastic nonlinear systems. The
proposed control algorithm can not only ensure that the track-
ing error enters the predefined region no later than a setting
time, but also overcome the adverse impact of asynchronous
switching on the system performance. Finally, the theoretical
results are verified by two simulation examples. In the future,
we will study the set-time PPC design of MIMO systems,
large-scale systems and multi-agent systems.
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