6560

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 32, NO. 11, NOVEMBER 2024

Switched Command-Filtered-Based Adaptive Fuzzy
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Abstract—In this article, we consider the problem of switched-
command-filtered-based adaptive fuzzy output-feedback funnel
control for switched nonlinear multi-input multi-output (MIMO)
delayed systems. A switched MIMO high-gain state observer is con-
structed for each subsystem to estimate unavailable system states.
Compared with the conventional command filter technique, the
main advantage is that the improved error-compensating signals
are designed for each switched subsystem to remove the filtered
errors and avoid an explosion of complexity and the singular-
ity problem. Different from the traditional Lyapunov-Krasovskii
functional method, design obstacles stemming from unknown time
delays are overcome for the switched delayed systems by using ap-
propriate multiple Lyapunov—Krasovskii functions and combining
with the approximation capability of the fuzzy logic systems. Under
a category of switching signals with mode-dependent average dwell
time, all signals in the closed-loop switched system are semiglobally
uniformly ultimate bounded under the output-feedback control;
meanwhile, the tracking errors can remain in prespecified perfor-
mance funnels. Case studies illustrate the flexibility and effective-
ness of the proposed control approach.

Index Terms—Mode-dependent average dwell time (MDADT),
multiple Lyapunov—Krasovskii functions, output-feedback fuzzy
funnel control, switched command filter, switched nonlinear multi-
input multi-output (MIMO) delayed systems.
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I. INTRODUCTION

WITCHED systems, acommon category of hybrid systems,

have attracted much more attention over the last decades [1],
[2], [3]- They consist of several subsystems and a switching sig-
nal, which can describe lots of practical systems, such as single-
link robots, inverted pendulums, data communication networks,
and chemical reactor systems [4], [5], [6], [7]. One key issue in
the study of switched systems is the design of a proper switching
signal. Up to now, some significant design methods for switched
systems have been reported, such as the multiple Lyapunov
functions, common Lyapunov function, dwell time, average
dwell time, mode-dependent average dwell time (MDADT) [7],
[81,19]1,[10],[11],[12]. Meanwhile, it is worth noting in [11] that
MDADT-based switching is more general since both dwell time
and average dwell time are considered special switching cases.
In the practical application of switched systems, itis unavoidable
to suffer from time delays due to data transmission, self-physical
characteristics, etc. In general, the Lyapunov-Razumikhin and
the Lyapunov—Krasovskii functional methods are popular in
addressing the delayed systems [13], [14]. It is often the case that
time delays adversely affect the system control performance.
Otherwise, they can even result in the instabilities of existing
control systems. Therefore, it is expected to develop control
strategies with MDADT-based switching for the switched non-
linear delayed systems.

Especially, the backstepping technique is an effective control
design approach for nonswitched or switched delayed nonlinear
systems. In the traditional backstepping technique, the explosion
of dimensionality, also called the explosion of complexity, arises
from the repeated differentiation of certain nonlinear functions,
such as virtual controllers. This process inevitably leads to a
more complicated algorithm with a heavy computational burden,
which becomes significantly more pronounced as the order of
system increases. Meanwhile, the singularity problem, which
can arise when differentiating the virtual control law as indicated
in [1] and [15], may lead to the instability of the nonlinear
systems. To address this issue, Swaroop et al. [16] presented
a dynamic surface control technique. In adaptive control, fuzzy
logic systems are one of the most popular adaptive tools via
the dynamic surface control technique to address the issue for
the nonswitched or switched nonlinear systems [17], [18], [19],
[20]. In fact, these adaptive dynamic surface control strategies
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with fuzzy logic systems have ignored the effect caused by
filtering errors in the control systems. To deal with this problem,
a novel command filter was presented to replace the first-order
filter in the dynamic surface control design. Thus, the command
filter technique has received great attention in the control design
for nonlinear systems [21], [22], [23]. Then, this method has
also been developed for the adaptive control design for the
switched nonlinear systems, such as event-triggered mechanism
with the common Lyapunov function method [24], the finite-
time tracking control under state-dependent switching [8], and
time-schedule Lyapunov function under asynchronous switch-
ing [12]. However, the switched command filter does not con-
sider the transient and steady-state control performance of the
switched nonlinear delayed systems with these adaptive intelli-
gent control strategies.

Moreover, other studies have focused on performance-related
control requirements for the nonlinear systems [25], [26]. Based
on the transient and steady-state performance requirements, the
prescribed control performance control was presented for the
feedback linearizable multi-input multi-output (MIMO) nonlin-
ear systems in [27]. In the prescribed performance control, a
performance-oriented objective function is used to change the
tracking error of the original system into a new error system
under state transformation. The prescribed performance con-
trol scheme was successfully employed in the adaptive control
design for stochastic nonlinear systems [28], MIMO nonlinear
systems [26], etc. However, the conventional prescribed perfor-
mance control may cause instability because of its singularity.
Meanwhile, the funnel control was first proposed by Ilchmann
etal. [29], which was also applied to enhance these requirements
of the control systems. The nonlinear systems under the funnel
control work well without a prior about the plants with measure-
ment noises and parameter uncertainties. In [30], an adaptive
fuzzy funnel controller was developed for nonlinear nonaffine
systems using the backstepping method in the finite time. The
funnel control strategy has been successfully developed for
stability and stabilization of non-switched or switched nonlinear
systems [25], [30]. However, due to the limited measurement of
system states, no study has also been reported on the adaptive
fuzzy output-feedback funnel control with a switched command
filter for switched nonlinear MIMO-delayed systems under a
category of switching signals with MDADT.

Motivated by the above discussions, this study focuses on the
adaptive fuzzy output feedback funnel control with a switched
command filter for switched nonlinear MIMO-delayed systems.
The main contributions of this study are summarized as follows.

1) The adaptive fuzzy output-feedback funnel tracking con-
trol scheme is flexibly presented for the switched nonlinear
MIMO-delayed systems using the multiple Lyapunov—
Krasovskii functions under a category of switching signals
with MDADT.

2) To deal with the explosion of dimensionality in the back-
stepping technique, a novel switched command filter is
constructed for each switched subsystem without the po-
tential singularity problem, where the compensation sig-
nals are presented to decrease the influence of the errors
produced from the filter.
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3) Due to the absence of measurements, the adaptive fuzzy
output feedback controllers are implemented for each
subsystem with the switched high-gain state observer,
such that the tracking errors can remain in the prespecified
performance funnels.

The rest of this article is organized as follows. Section II
mainly includes the system description. The controller scheme
and stability analysis are presented in Section III. Section IV
shows the effectiveness and flexibility of the proposed control
strategy. Finally, Section V concludes this article.

II. SYSTEM DESCRIPTION

A. Switched Nonlinear MIMO-Delayed Systems

Consider the switched nonlinear MIMO-delayed systems in
the following nonstrict-feedback form:

Ty = Tigq1 + fio) (@) + R (27) (la)
Tim = Wig(t) + fimo(t)(®) + Pimo () (7+) (1b)
Yi = Ti1 (lc)
where l =1,...,m —land z; = [z1,...,Zim] € R™is the

system state with z = [z{,...,z,]" € R™™. The switched
systems (1) consist of n interconnected subsystems N, for
i =1,...,n. A switching signal o (t) is a piecewise right con-
tinuous function with M > 2 being the number of subsystems
satisfying o (t) : [0,00) — M = {1,..., M}. Note that during
t € [tj,tjy1), one gets o(t) = k € M, where ¢; and ¢;, are
the time instant. The control input of the kth subsystem is
described by uy, = [U1g, ..., Unk] ER™ .y =[y1,...,yn]" €
R™ is the system output. For k € Mand! = 1,...,m, fux(:) €
R and A, (-) € R are the unknown continuous nonlinear func-
tions. For known constants 7 > 0 and 7 > 0, the delayed state

x, is defined as x, = [v{,...,z) ] € R™™ with x;, =
Il(t — Tz(t)) and Tijr = l‘ij(t — Tz(t)) for i = 1, o, n and
j=1,...,n, where 7;(t) is the unknown time-varying delay

with 0 < 7;(¢t) < 7 and 7;(t) <7 < 1. In this case, Y(tp) =
x(tp) € R™ ™ represents the initial vector at ty € [—7,0].

Definition I (See [11]): Forthe switched systems, a switching
signal o (t) satisfying an MDADT 7, > 0 holds that

T.(T,t)

Nop(T,t) < Nop +
Tak

VI'>1>0 2)
where N, (T, t) stands for the switching numbers on the inter-
val [t, T if the kth subsystem is active, T} (7, t) represents the
whole running time of the kth subsystem on the interval [¢, T,
and Ny > 0 is called the mode-dependent chatter bounds.
The control objective is to construct a switched command-
filtered-based adaptive fuzzy output-feedback funnel controllers
of subsystems for the switched nonlinear MIMO-delayed sys-
tems based on the multiple Lyapunov—Krasovskii functions such
that
1) all the closed-loop signals achieve semi-globally uni-
formly ultimate bounded under a category of switching
signals with MDADT for any bounded initial conditions,
and
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2) the tracking errors y; — y;,- for i = 1,2, ..., n converge
to the prespecified performance funnels under the given
reference signals y;,..

Assumption 1: Fori=1,....n,l=1,...,m,and k € M,
the nonlinear functions f;;;(-) and hyi(-) can satisfy the
following inequalities f7, (z) < > i1 m( i)y W2 () <
> iy Hii(xjr), where Fyy; and H;;; are unknown nonnegative
smooth functions satisfying F;;(0) = 0 and H;;;(0) = 0.

Assumption 2: The reference signals y;.(t) for i=
1,2,...,n and their derivatives y( )( t),... ,yfr)
uous and bounded.

Remark 1: Assumption 1 is a general assumption that is
used to deal with the nonlinear time-delay terms. In fact,
for any continuous function h;jx(z14, ..., Tpr) : R = R,
there exist positive smooth functions H;;1 (z14), - - -y Hitn(Tnr)
such that |hzlk($r)| < Z?:l Hilj(xj'r), i.e., hflk(x,,) <
S H 2 ; (@), which can be commonly found, such as in [7]
and [10].

(t) are contin-

B. Fuzzy Logic Systems

Fuzzy logic systems are one of the most popular approaches
to approximate unknown nonlinear continuous functions.
The knowledge base for the fuzzy logic system concludes a
collection of fuzzy IF-THEN rules described as R': If Z; is
Fj, zo is Fi, ..., and Z,, is F!, then 5 is G%, i =1,...,/,
where # = [Z1,...,%,]" and ¥ are the input and output of
the fuzzy logic system, respectively. F for m=1,...,n
and G* are the fuzzy sets. £ is the number of rules. According
to [6] and [31], the fuzzy logic system can be defined as
y(@) = Zz 1 i [es 1, (fm)/zz 1 T e, (T,
where §; = max e fge (y) pre (Tr) and pge (y) are the
fuzzy membership functions of FY and GY, respectively.
Meanwhile, the fuzzy basic functions are denoted as s;(Z) =
[T i, () S ([T iy, (E)]. Define W =
(15, -5 = (W1, Wa, -, W] and S(z) = [s1(), ...,
s¢(Z)]". Finally, the fuzzy logic system can be described as
y(z) = W'S(z).

Lemma 1 (See [1], [32]): If the function f(Z) is continuous
and defined on a compact set €2, then, for any positive constant
¥, a fuzzy logic system exists and satisfies sup.q |f(Z) —
WTSs(z)| < 9.

Based on Lemma 1, the continuous function f(Z) can be
denoted as

f(z) =WS(z) +0() 3)
where W* demonstrates an ideal weight vector. (%) is the
error of approximation satisfying |§(Z)| < §* with any given

positive constant ¢*. For convenience, f(X) is described as
f(z) =W*TS + § with

W* = arg min < su
s ERe{xeg‘f

- W's(z)| } : 4)

C. Funnel Control

The funnel control technique is utilized to deal with
the problem of the system control performance in [29].
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Fig. 1.  Schematic of the funnel control performance.

For ¢=1,2,...,n, the funnel controller is denoted as

wi(t) = Zi(Fip (), Xi(t), lliy ()[)€iy (8),  where iy (t) =
y; (t) — 4 (t) is the tracking error, F} () is the boundary of the
funnel Xi(t) is the scaling function, and Z;(¢) is a time-varying

gain.

Let ¢;(t) be a continuous and bounded function satisfying
¥i(t) > 0,Vt > 0, and sup;~ v;(t) < oo. Then, Fiy(t) is de-
noted as the reciprocal of v;(t). To proceed, the funnel Fjy(t)
belongs to the following compact set Fyy; () = {(t, ) € R x
R™ | ;(t)|leiy ()| < 1}. In addition, define the vertical dis-
tance d, (t) as dy, (t) = Fiy(t) — ||eiy(t)]]. The adjustable gain
Zi(t) is denoted as Z;(t) = xi(t)/dy, (t). If the tracking error
€iy(t) tends to the boundary Fjy(t), then the gain =;(t) will
increase. Conversely, the gain =;(¢) will decrease if the tracking
error €;,(t) is far from the boundary F;,(t). Based on [25],
F;y(t) is considered as follows:

(Pit(, -

PiTy s

Ty

Tif) (ot

‘) + piry, t € [to,Ty)

S [Tf s —|—OO)
(5

where for i = 1,2,...,n, pit, > 1, pi; > 0, and Ty > 0 are
the design constants. If the initial time is ¢y = 0, then Fjy; (to) =
pit, + piT; holds satistying [|e;, (to)|| < Fiy(to). To proceed,
Fy (t) approaches p;r; in a finite time 7' (see Fig. 1 for details).
Thus, a state transformation for a funnel error is denoted as

Fiy(t) =

Zil1 = & (6)
F2

Zy

whose time derivative from (1) can be obtained as

. . . v F
Zin=Tq (%‘1 — Yir — Zly: w) (N
i)

where T';; = F?2 i/ (F? )% is a positive function. The
flowchart of the funnel control is shown in Fig. 2.

Remark 2: In the referenced paper by Han and Lee [33], a
funnel error surface is given as ((t) = Fw(t)c%m
worthy that (¢) fails to be differentiable at the point e(¢) = 0,
which does not align with the differentiability requirement of
backstepping techniques. This nondifferentiability may pose
challenges when integrating the funnel variable £; within back-
stepping control frameworks. Unlike the nonsingular finite-time
sliding mode control [34], our funnel error surface does not
explicitly guarantee finite-time convergence to the origin in a
finite time 7';. Instead, it ensures that the error remains within

It is note-

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on September 21,2025 at 05:54:54 UTC from |IEEE Xplore. Restrictions apply.



LI et al.: SWITCHED COMMAND-FILTERED-BASED ADAPTIVE FUZZY OUTPUT-FEEDBACK FUNNEL CONTROL

Fig. 2. Flowchart of the funnel control.
a progressively narrowing funnel boundary, providing a form of
asymptotic performance rather than finite-time convergence.

III. MAIN RESULTS

By employing the multiple Lyapunov—Krasovskii functions,
this section will develop a switched-command-filtered-based
adaptive fuzzy output-feedback funnel control scheme for the
switched system (1) in the constructive design via the back-
stepping method. The analysis of stability will be shown in the
closed-loop switched system under MDADT.

A. Switched High-Gain MIMO State Observer Design

To estimate the unavailable states, a switched high-gain
MIMO state observer is considered as

Tt = &ig1 + Lio(y(Ys — $01) (8a)

Bim = Uio(t) + Limo() (¥ — £i1) (8b)

where [ = 1,...,m — 1, o(t) is the same switching signal as

described in (1), and Z; for [ = 1,2,...,m is the estimate

of the system state z;;. For k e M and [ =1,2,...,m, Ly

denote positive constants to be designed, such that the following
Hurwitz matrices hold:

—Li1k

Aik = [m 1

—Lmk 0---0

where I,,,_1 is an (m — 1)-dimension identity matrix. In other
words, for definite symmetric matrices ();;, the symmetric
definite matrices P;; exists and satisfies

Al P + P Agy = — Q. 9)
Let the error of the state observer be
gi:[gilﬂ"'vgimrr:xi*fi e R™ (10)

where &; = [£41,...,2m] ' is the estimation of the system state
x;fori = 1,...,n. Toproceed, combining (1) with (8), one gets

€ = Aiei + fir(x) + hin(z,), ke M (11)
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where fir = [fitks---, fimk) € R™ and h;p = [Pk, ...,
himk]—r € R™. As a matter of convenience, the unknown ideal
values are expressed as

07 = max {[|Wj, |, k € M} 12)

wherel = 0,1,...,m, Wy, stands for the ideal constant weight
vector. Meanwhlle 0y is the estimation error satisfying 0, =
05 — 971, and 0,l is the estimation of ¢7;. The following lemma
is provided first to facilitate the proof of the main theorem.

Lemma 2: For the observer error system (11), let the
Lyapunov function candidate be

Viok = 0ig{ Pires, i=1,...,n, k € M. (13)
Then, mG satisfies
Vior < —Qi(&(Qik) — 2r;0€PT

i ZZ

=1 j5=1

Meill® + Gior — fior(Xo)

Hijj(zjr))  (14)

where p; is a positive parameter, A(Q;1) stands for the smallest
eigenvalue of the matrix @);x, and ©;(; is an unknown constant
with ;o = 0:0 + 5:0 )
Proof: By using (9) and (11), one gets V;q, satisfied by
Viow = —0i€{ Qinei + 20i] Pir(fir(x) + hire (7))

In what follows, the inequalities are determined by the definition
of Young’s inequality

2Qi€¢TPz‘kf7:k($) < oirioe’”

15)

les |

|2 ZZ (16)

=1 j=1

QQif‘:iTPikhik(l"r) < QirioeﬂTHEin
w1 ZZ% wji;) (A7)

=1 j=1

where 3 and r;q are the positive parameters. Suppose that the
unknown continuous function is f;o (X;o). Further, combining
(3), (12), and Lemma 1 yields

Fion(Xio) < [WioSio(Xio) || + [dior| < 03 + 5. (18)
Then, substituting (16)—(18) into (15), one gets (14). The proof
of Lemma 2 has been completed. |
B. Design of Output-Feedback Funnel Controllers

For system (1), define the following coordinate transforma-
tion:
Zil:i'il_dil('),l:27~-~7m (19)

where @;;(-) is the output of switched command filter. The
adaptive backstepping control design is based on (6) and (19).
Inspired by [35], the switched command filter is designed as

(20a)
(20b)

Pill = WikPil2

itz = —2Cirwikvie — wik(@in — )

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on September 21,2025 at 05:54:54 UTC from |IEEE Xplore. Restrictions apply.



6564

where ;41 = @i, o is the input of the filter for | =
1,2,...,m—1, w; and (;; for k € M are the positive con-
stants satisfying ;. € (0, 1].

To compensate for the error produced from &; ;11 and o;; for

t=1,...,nandl =1,...,m — 1, the compensating signals &;;

for! =1,...,m are designed as

51‘1 = — G + 11 (&2 + duio — i — dinsign(&1))
(21a)
51‘2 = —Cp&io — &1+ &3+ s
— QO — digsign(fig) (21b)
Cir= — i — Eig1 + &1 + @i

— Q] —dilsign(gil), [=3,...,n—1 (21¢)
éim = - Eimkgim - fi,mfl (Zld)

where ¢;;, Cimi, and d;; are some positive constants for ¢ =
1,...,n,keM,and! =1,...,m — 1. To proceed, define the
error variables of compensating signals as

(22)

wi =zg =&, l=1,...,m.
The detailed design process of the control scheme is shown in
the following steps.

Initial step: Based on (7) and (22), the dynamics of w;; can

be obtained as follows:

wir = (%‘1 = Yir — ;_, w) — &t (23)
i)
Construct the Lyapunov function candidate as
1 1 =
Vit = Viok + swi + =05, k€ M (24)
2 2051

where /;; is a positive constant. To proceed, based on (1), (10),
(23), and (24), one gets

Vit
1~ = _ .
=Vior — —0i10i1 + Tinwit |wiz + &z + iz + €2 — Jir
il
Eq F :
+ firk(x) + hirg(z7) — yww} — wi1&i1- (25)
By utilizing Young’s inequality, one has
7B7—
Piwieip < — - I7w3 + eirioe” |l (26)
riref
Diwi fir(z) < =2 F 4 Z iy(@;) @7
TZ ef
Cawirhi(z,) < -2 F2 Z i1 (@)
(28)
e P
Fﬂwﬂdﬂsign(fﬂ) S n—leﬁTI‘?lwizl =+ Tdfl (29)
i1
where r;; is a positive parameter. Then, f;;(X;1) = ( 4697_[;7_0

2r;1P T4 wit — Doy (Yir + ’}F’”’ ) is denoted as the uncertain
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continuous function with X;1 = [wi1, Z41, Yir, Uir] - Based on
(3) and (4), a fuzzy logic system is introduced as
fian(Xi1) = WiikSa + Sk (30)

where ;1 is the approximation error with |§;15| < 75 and 85 is
a positive parameter. Based on (12), (30), and Lemma 1, one gets

wir fire(Xi1) = wan WS + windink

1 1
< 201,81 S + a2 + —wi + 55;*12 31

1
—w b
2&121 11721 97 2
where a7 is a positive constant. Then, the virtual controller input
a;1 and the adaptive law éil are considered as
=T (32)

Wzlozlszlszl

Ci1%zi1 + 202
iy

li
2a,

i1 = —2-w? 81 S — v b (33)

where ;1 1s a positive parameter. Combining (25)—(33) induces
Vit < — 0i(M(Qix) — Zl 0

3T¢0€BT)||€1‘||2 11911

— cnwh + Dinwiwia + Ok — fior(Xo)

m n
2
il D E
=1 5=1

l](mJT))

n

Z(Fﬂ] (xj) + H?lj(x]T))

Jj=1

e P
+

27’7;1 (34)

where ¢;1 = ¢;1 — % and O;1, = O,k + %d?l + %afl +
15x2 '
Inductive Step (2 <1 <m —1) : Based on (8), (19), and
(22), one gets the following dynamics of w;; as
Wit = Zig+1 + @41 + Lakein — auy — Eil.

The Lyapunov function can be constructed by

1 1 -
Vi = Vg1, + zwi + 795 (35)
il

2
where ¢;; is a positive constant. Furthermore, it is deduced that

Vik = wirlwi 41 + Likgir + Ei+1 + ®igr1 — @i — il

+Vit1k — Eeizeiz- (36)
Utilizing Young’s inequality, one has
. s e,
wirdgsign(&i) < raelTwl + it (37)
741

where 7;; is a positive parameter. Similar to the initial step, the

uncertain functions are considered as ﬁlk( Xiu) = Lukein —

= : (1) (-1) 5

Qi+ raefTwy o with X = [T, Yirs Ui s s Yay s Ot
.y 91‘)171, i‘ila . ,i‘il,uﬁl, . ,wll] . Based on (3) and (4),

the uncertain functions f;;;(X;;) also can be determined by a
fuzzy logic system satisfying
fan(Xa) =

Wiy S+ Suk (38)
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where the error of approximation d;; is satisfied by |d;x] <
07, with a positive parameter ¢};. Based on Lemma 1, Young’s
inequality, (12), and (38), one has

wir fik (Xir) = wa Wi S + wirdi
1

< —w
= 2
2a3

. 1, 1 1,
00 S Sa + 5ah + qwi + 507 (39)

2 2

where a;; is a positive designed parameter. Meanwhile, the

virtual controller input «;; and the adaptive laws éil can be
considered as

1 o
= T
Qi = —Cizil — Ziji-1 — 55 wiliS; Si (40)
2a3
b = L2857 0 41
it = 5 5 wirSiSit — Yl (41)
@5
where ;; is a positive constant, and oo = —Cja2i0 — L1251 —

ﬁWiQéiQSiESiQ. Substituting (38)—(41) into (36) yields
2

Ve < — 0i(M(Qix) — 3rioe’)|ei]|* + wiawi 141 + Oun

l
+ Z (Z%qoiqéiq - Ciq“’?g) - ﬁOk(XO)

g=1 "
Qieiﬁ‘r 2 BhN 2 2
T [ ZZ(Filj(Ij)+Hilj(ij))
0 =1 j=1
e T & 9 5
o > (Fa(ag) + Hiy(agn) (42)
[ =1

where ¢;; = ¢;; — % and O; = @i’lfl’k + %d?l + %afl +
507

Step m: Based on (8), (19), and (22), one also gets the
following dynamics of w;,, as:

Wim = Uik + Limk€i1 — Qim — Eim.-

Let the Lyapunov function candidate be

1 -
62 43

where /;,,, is a positive constant. Then, it is deduced that

1
V;mk == Vvi.,mfl,k + iwgm +

Vimk = wir[wik + Limk€i1 — Qim — Eim)

1 -~

eim

Utilizing Young’s inequality induces

+ Viem-1k — (44)

B
. e
wimdim51gn(§im) < TimeﬁTW?m + _ dfm (45)
m

4r;

where r;,, iS a positive parameter. To proceed, ﬁmk(X im)
- . 1
=Limkr€i1 — Qim +Ti7rL€ﬁTWim with X, = [xila Yir, ygr), ceey
-1) 4 5 N .
yz(;n )791’1’-~-79i,m—1axi17~-~7$im]T-
Based on (3) and (4), a fuzzy logic system is given by

Fimk(Xit) = Wi Sim + Gimi (46)
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where ;.1 is the error of approximation and a positive constant
85, is satisfied by [0;mk| < 97, By using Young’s inequality,
Lemma 1, (12), and (46), one can obtain

£ *T

1 . 1
< ﬁwfmeimsgnsim +sa;
Aim,

5 Gim (47)

1 2 1 2
w2 4 =
+2wzm+2 m

where a;,,, is a positive parameter. Then, the actual controller
input u;, and the adaptive laws éim can be determined as
1

— 2 T
Uik = —CimkZim — Zi,m—1 — 2 ) wi’maimsimsim (48)
im
B = 2 GT g 0 49
m P) WimQimPim — YimVim ( )
2az,,

where 7;,,, is a positive constant. Combining (44)—(49) yields

Vimk < — 0i(M(Qix) — 3r:0¢® ) ||€il|* + Oimi — fior(Xo)

BT m n
0i€
T 1Pkl YD (Fiy () + Hiy(r))
1=1 j=1
e BT & 9 5
+ it Z(Fz‘lj(xi) + Hilj(xj‘f))
2 J:1
+ i (%qé 0ig — ci w2> (50)
7. Via%ia ~ CigWiq
q=1 "
where  c¢ip, = minkEM{éimk - %} and Ok = Ok +
e Pt

2 1.2 1 5x2
dim + §aim + §5im'

ATim

C. Stability Analysis

First of all, for notational convenience, define

0i(A(Qir) — 3rine”7)
A (Pig)

M = mln{ 72ciq7’y’iq7ﬂ72éiqﬂ

i:l,...,n,q:l,...,m,k‘EM} (5D

A(P;,)
A(Pip)’

vk—max{ i—l,...,n,k,pEM} (52)
where A(Pix) (A(P;1,)) refers to the largest (smallest) eigen-
value of the matrix P, respectively. Obviously, the inequalities
0i(A(Qir) — 3ripef™) > 0,i=1,...,n,q=1,...,mk €M
holds by suitably selecting Q;x, 0;, 70 and 5. Then, 1, > 0 and
vy, > 1 are the two designed parameters.

Theorem 1: Consider the switched nonlinear MIMO-delayed
system (1) satisfying Assumptions 1 and 2. The adaptive fuzzy
output feedback funnel controllers (48) with the switched state
observer (8), the switched command filter (20), the virtual
controllers (32), (40), and the adaptive laws (33), (41), (49)
can ensure all the closed-loop signals achieve semiglobally
uniformly ultimate bounded; then the tracking errors y; — y;, for
i =1,...,n converge to the prespecified performance funnels
under a category of switching signals with MDADT. The block
diagram of the proposed control scheme is depicted in Fig. 3 .
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Switching signal o (¢) satisfying

MDADT with Eqs. (51) and (52)

Swi «| llghuz o MIMO
stat in Eq.(8)

rror compensating signals in Eq. (21)

Output feedback funnel control

Fig. 3. Block diagram of the proposed control scheme.

Proof: The proof consists of two parts to analyze the bound-
edness of all signals in the closed-loop system. In part 1), the
semiglobal stability is verified for the switched system with a
category of switching signals satisfying MDADT. In part 2), the
output tracking errors are verified to converge to the prespecified
performance funnels.

1) To analyze the stability of the compensating signal (21),
let the Lyapunov function candidate be

1 m
=52 (53)
q=1
and calculate its time derivative. Then, one has
m—1
Z Clquq + Z Lig |: Qjg+1 — O‘zq)gzq iq|§iq|:|
qg=1 g=1
(54)
where ¢;,, = mingep{Gimi} and 'y =1forg=2,....,m —
1. Similar to those in [35], — gl < a;‘q can be ap-

proached in a finite time with known constants «;, for i =
1,...,nand ¢ =2,. — 1. To proceed, by selecting ap-

proprlate parameters dzq Z a’Lq’ it ylelds
m—1
V£ < — Z Czqglq + Z qu (O‘:q|£zq| — dlq|€zq>

g=1

m
2
Z Czqgiq'

Here, based on (13), (24), (35), (43), and (53), the following
multiple Lyapunov—Krasovskii functions are constructed by

(35)

n

Vi(X) =Y (Vi (Xi) + Vie + Vie), k€M (56)
i=1
where X=[x/,....x,]", X =[], wir, ...,
w2m76117"' zmagzlu”-yfzm]—r and ‘/iLK =
e gt .
] 1]; . e Svi(xi(s))ds with vi(z;) =
o Zl]( i)+ 5 Hpj(2;). In addition, it
1nduces

Vi < Z { 3ri0e il + it — For (o)

ka)
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HszH ZZ — BViLk
=1 j=1
i
2 Z ily x] +Z< qalqelq Clqw1q>
Ti1 1 a=1 zq
m
+ Z =Vi (z;) Zciqgiq:| (57)
qg=1

To proceed, denote the function ink(Xo), k € M as

m 7ﬁ7-
_ e
fior(Xo) = ikHQZFﬁj(xj)Jr it S5 Fiy ()
=1 v
1
+—=vi()- (58)
Furthermore, the term Z?“ éiqéiq from (57) satisfies
9190, ,0,y < 2i0g:2 _ Lia g2 59
lig =20, 205, " (59

where 0;, = 07y — 0:,. According to (57)—(59), one has

Vi< Y [— 0i(A(Qux) — 3rioe’ ) |lei]|* = BViLk + ©;
i=1

Z ( %? 92 + czqwzq + czq51q> }

qg=1
< -V +© (60)
where © =370 1 ©; =30 (O + D00 295“1 0;7). It is

clear that if the function k(-) € K exists, the followmg in-
equality holds:
1)

Vk(X) Z Z |:QZE -P’Lkgz + Z (1UJ + WQQ
(61)

i=1 q=1
> w([1X]).
Moreover, it can be verified from (56) that

S Y I
Viex < — / eP Ty
L=7 j=17-Ti(®)

A

zj(t+s))d(t + s)

sup 7 ()P (t + 5)).

j=1"Ti (t)<s<0

(62)

Meanwhile, concerned with a function %(-) € K., one gets

Vi(X) < ?tl)lg <OZ [Qi&'(t + S)TPikEi(t +5)+
—Ti()ss<0,—
1, . 1,
q=1 v
< ®( sup_ | X (t+s)]). (63)
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Thus, based on (61) and (63), two functions (+), %(-) € K+ ~ Based on (66) and (68), one has

satisfy . X
s(IX]) < VA(X) <R sup [X(E+s)). 6

—7<5<0

M
(T.0)y,
According to the definition (52), one can obtain = H " Vo (0)(X(0))

Vi (X) < vV, (X) Vk,pe M. 65
k(X)) < vV (X) p 65) e*Zkle[ukZse\m)(ts+rts)]*ua<tN(,<T,o>)(T*tNa<T,0))

Let the initial time be ¢y = 0. Let the each switching time

be t1,...,t5,tj41,. .., tn, (7,0) on the instant [0,7] with No(T,0)~1 [N, (T,0)-1
N, (T,0) = M Nox(T,0), k € M. Consider the following + Z H Yo (titr)
functlon - I=s
B(t) = =01V, (X (1)) 66)  xemim " (et o ) ttoty, op THIzCo e

Based on (60) an.d .(66)? one gets <I>(t) < Bete®t, On some o o-Tmintatt /t5+1 Oemmint gt
instant [t;, ;41 ), it implies from (65) that .
D(tjp1) = eV (X (t41)) T

. + e*ﬂminT @eﬁmintdt
< Vo) €TI0y (X (Ej41)) tN 0
= UU(tj+1)e(‘u"(tﬂl)*#o(%))tﬂl(I)(t;rl) < eZk lNOkankeZk 1 Tk Invg— Zk 1NkaVa( )( ( ))

( B )t~ tj+1 No(T,0)-1 T M _
< Vo (tj41)€ Ho(tjp1) "Helty) Jlitt (@(tj) + / @6#°(tj)tdt) + Z [H ,U}ivak(T,terl)e— M kT (Totsrr)
t
s=0

J

k=1
< ()€ (#a(t_7.+1)*lta(tj)>tj+1 |:U (t )e(ua(tj)*#a(f,j 1))tj tat1
olti+1 oty —Nmintst1 Nmint
X e Oe dt
ts
tj . L+t . i
X <<I> (tj-1) +/ Ol i1 dt) +/ O¢l' dt} T .t
ti t; + e Mmin @6?7mm dt (69)
tNo(T,O)

j .
§ H Ua(t“rl)ezf:o (Ma(tHl)*Ma(tl))tqu)(tO)

= where (k) is the set of s satisfying o(ts) = k with ¢, €

{to,tl, cons byt tN, _1} and Npin = min{nk,k S M}

’ S (Mot Bt )i with 7y € (0, ik — M) By utilizing 7, > 2%, for any
+ Z Hva(tz+1)€ M € (0, g — h”;’“), one obtains T, > % Based on
torn Definition 1, it yields Nyx(T,t) < Noj + W,
X / 96“°<ts>tdt>. (67) which implies that
ts
Nop(Tits41) N 1) T (Tt s
On the instant [0, T'], iterating the inequality (67) from I = 0 to vy I <ol (e, (70)

= T, 1,iti
[ = Ny(T,0) - 1, it induces Together with (69) and (70), one gets
T
BT) < Bltwro) + [ @y Voir(X(T))
No (T,0)
= N Inv
N, (T,0)—1 N < e ie1 Nok lnvkeZk:l( Tar 7’“")Tk Vo (0)(X(0))

= o “Ho t
< H U (tysn)€ 1=0 (P‘ (tip1)™H (tz>) L+1(I)(t0) N (T,0)-1 [ i

1=0 + Z H UIJCVOkefnmin(T*ts-H)
s=0

No(T,0)-1 [NU(T7O)_1 k=1

tst1
| | / Oetto (o) dt

+ 2
s=0 1= Ls bet1
$= =s % e*”lmints+1/ @enmintdt
- ts
N zN:Gs(T’O) 1(”0(fz+1>“0(tz))tl+1‘|
T
4 efnmanT/ OeMmint ¢
T u . No (T,0)
(t )
+/ Oe" NG (1,007 (¢, (68) PR s (1,”%7 )T
No (T,0) < eEk:I 0k MUk o Zak=1 "7} HE kVU(O)(X(O))
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T
+HUN(Jk ~NminT / Oemint Jt

0
ZM Noy Invg maxkeM(l:vk k)T
e ‘ o Vo) (X(0))
H Now _~ 1)
nmm
which implies for any 7" > 0 that
E(HX(T)H) < 6251:1 Nop Inwvy emanEM<1:;Z“ 7uk)T
XR( sup ||X D+ H No 2 (72)

mlll

Therefore, it can be concluded by (71) that if the MDADT
satisfies 7,5 > h;:" for k € M, &;;, wi, 0;1, and &y for i =
1,...,nand [ =1,...,m are bounded for any bounded ini-
tial values. According to the definition of éil fori=1,...,n
and [ =1,...,m, one can know that éil are bounded. Based
on (22), z; for i =1,...,n and [ = 1,...,m are bounded.
Then, through (32), (40), and (48), one gets «;; and w;; for
i=1,...,n,1=1,...,m—1,and k € M are bounded. Next,
based on the switched command filter (20), signals &;; and v
forv =1,...,nand [ = 2,...,m are bounded. Based on (19),
Tyfori=1,...,nandl = 2, ..., marebounded. According to
(5), (6), (10), ityields that z;; fori = 1,...,nandl =1,...,m
are also bounded. Hence, for k£ € M, all the signals in the
closed-loop system are bounded under a category of switching
signals with MDADT satisfying 7,5 > “: Uk
2) In what follows, based on (56) and (72) one has

%WZQI(T) < eZk lNo;clnvkem'lxkeM( Tk /Lk)T
M o

xi( sup [|X(s)|)+ [[or™— @3
—7<5<0 h—1 T)min

Then, together with 7, > h:j;’“ and the definitions in (6), (22),
and (73), one has

2 (T) M
i < a( BN s (X))
F(T) - &;,(T) —r<s<0

+ H ,UNOk

mln

) Follea (DI 74

According to (53) and (55), one gets

1 & .
) =3 D€, < Vie(0)e ™
g=1

,m}. Based on (5), (74), and

(75)
where ¢; = 2min{¢;,, ¢ =1,...
(75), it yields

lim 7, (t) = lim lyi(t) — yir ()]* < €

t—00
wh?re € = [4(62&1 1Y°’° hka(SquTgsgo X (s)I) +
Rl UpF O] /1 A(e Xk Mok Ik i(sup_ g
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I X)) + Hk LU 77n€:)in )]p%Tf. Thus, the tracking errors
yi(t) — yir(t) fori = 1,... n can stay within the prespecified
performance funnels by suitably selecting Q;x, 0;, 730, 5, and
dygfort=1,...,n,1l=1,...,m, and k € M. The proof has
been completed. |

Remark 3: A detailed guideline from Step 1) to Step 5) is
provided to elucidate the design of parameters for the proposed
output-feedback funnel control strategy as follows.

1) Setinitial conditions and funnel boundary parameters p;,, ,

pit; Ty satisfying ||eg, (to)|| < Fiy(to).
2) Select the proper parameters L;;j, such that the matrices
Aj;p, are Hurwitz fori=1,...,n,l=1,...,mand k €
M. Then, after specifying the symmetric matrices Q;; >
0, the symmetric matrices FP;; > 0 can be calculated by
solving (9).

3) Decide the number of fuzzy IF-THEN rules and fuzzy
basic functions, then determine the fuzzy logic systems
3).

4) Select suitable controller design parameters w;, (;k, Cii,
Cimks dit, Ui1, a;;, and v fori=1,...,n, l=1,...,m
and k € M, and then determine the controllers (32), (40),
and (48) with the adaptive laws (33), (41), and (49).

5) Determine the designed parameters of MDADT with i, >
0in (51) and v, > 1in (52).

Remark 4: Although backstepping control, dynamic surface
control, and funnel control all aim to stabilize nonlinear sys-
tems and achieve desired tracking performance, they differ
significantly in their methodologies and performance guaran-
tees. Backstepping control and dynamic surface control focus
on a recursive design with dynamic surface control mitigating
complexity issues in [9], [15], and [36], whereas funnel control
emphasizes maintaining the error within a predefined boundary,
offering a unique approach to guarantee performance.

Remark 5: It is worth pointing out that, for non-switched
nonlinear systems, some adaptive control strategies have been
developed in [16], [21], and [22] via backstepping control or dy-
namic surface control. However, these existing adaptive control
schemes for nonswitched nonlinear systems cannot be directly
applied to improve the requirements in the transient and the
steady-state performance of switched nonlinear MIMO-delayed
systems within the complexity caused by time delays and subsys-
tem switching. Hence, to overcome this conservativeness, this
article has proposed the funnel control method for switched non-
linear MIMO-delayed systems. Meanwhile, the funnel control
method offers robust transient performance by quickly reducing
the error within a shrinking boundary [24], [25]. It ensures stable
and predictable steady-state performance by confining the error
within a predefined small bound.

IV. CASE STUDIES

This section provides two case studies to show the effective-
ness and flexibility of the proposed fuzzy output-feedback fun-
nel control strategy on the switched nonlinear MIMO-delayed
systems.

Example 1: Two inverted pendulums over the controller area
network with time-varying delays in the transmission of their
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(1)
@ (1) nzn (t—7(1)
T@—O Controlle:— A(;ea Network m
Switchi

S Signal o (t)

Fig.4.  Schematic of two inverted pendulums over the controller area network.
measurements are considered via the switching control. Based
on [37] and [38], the dynamics of the two inverted pendulums
is defined as

T11 = T12

, AN e s
I12< }19 4J1> sm(:z:ll(t*ﬁ(t)))Jrﬁ(l*b)

772

Ule hre .
+ 1(]1(t) + E 51n(x21(t — Tg(t))) (76b)
. e gF  hi?\ hi - -
= - t— () — —(—b
a2 < 7 4J2> sin(@21(t — m2(t))) 2J2( )
Y20 | @sm(x ) (76d)
Jo 4y 12

where o (t) — {1,2}, 211 and xo; are the angular displacements
of the left and right pendulum from vertical, respectively, x12
and x99 stand for the angular rates of the left and right pendulum
from vertical, respectively, m4 and mo represent the pendulum
end masses, J; and J stand for the moments of inertia, g is the
gravity coefficient, 7 represents the pendulum height, h is the
spring constant of the connecting spring, / stands for the natural
length of the spring, and b represents the distance between the
pendulum hinges (see Fig. 4 for details). Then, the switched
MIMO high-gain state observer is constructed as

Ti1 = iz + Lito) (yi — &1 (77a)

Tio = Wig(t) + Lizo(r) (Yi — Ti1) (77b)

and the parameters are chosen as L;11 = 100, L;2; = 100,
L;1o = 80, and L;9o = 80 such that A;; and A, are Hurwitz
matrices. To proceed, one selects (Q;; = 61 and QQ;2 = 515 with
I, = diag{1,1}. Meanwhile, the symmetric positive definite

matrices are
—-3.00
3.03 } Pz = [

3.03
Fa = [ —3.00

satisfying (9). Then, the relevant control information is designed
as

2.53

—2.50
—2.50

2.53

1l 1 -
i = -1} [Cuzﬂ + Mwiloilsi-lisil} (78)
i
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(b)

Fig. 5. (a) System output y;, reference signal y1,, system state x12, and
estimated states 11 and Z12. (b) System output y2, reference signal y2,-, system
state xo2, and estimated states o7 and Z92 (Example 1).

(b)

Fig. 6. Output tracking error. (a) €1, and (b) 2, in the prespecified perfor-
mance funnel (Example 1).

A 4 A
O = 5 w3 Sy S — i, i = 1,2 (79)
2a3
) 1
Ui = —Ci2kZi2 — Zi1 — ﬁwm@z@g&z (80)

i2

In Example 1, the parameters from the system (76)
are selected as m; =2kg, m; =2.5kg, J; = J = 1kg,
g=9.8m/s% 7=05m, h=100N/m, [ = 0.5kg, 71 (t) =
72(t) = 0.01(1 + sin(¢)?), and b = 0.4 m. The design param-
eters are taken as c¢;; = 500, cjo1 = 500, cio0 = 480, a; =
10, gil = 50, Yil = 10, Cz‘l = 0.9, Ci2 = 1, Wil = 1300, Wi =
1500, d;; = 0.1, o; = 20, 5 = 20, and r;o0 = 2 for i = 1,2 and
[ =1,2. Then, it can be obtained by (51) and (52) that p; =
10.01, vy =200, pe = 8.02, and ve = 160. The parameters
of funnels are chosen as p;, = 2, piT; = 0.3, and T’y = 2 for
1 = 1,2.Based on Theorem 1, it can be concluded that all the sig-
nals in the closed-loop system are bounded under a category of
switching signals with MDADT satisfying 7,1 = 0.53 > %
and 7,2 = 0.64 > B2,

The initial vectors are provided as [x11(to),z12(t0),
o1 (to), oo (ﬁo)]TZ[lﬁ, 0.2, 1.1, 0.1]T,A [i‘u (to), i‘1g (to),.f?m
(to), &22(to)] " = [0.1,0.2,0.1,0.4]", O11(to) = 5, O12(to) =
3, ba(to) =2, 0On(to) =5, &il(to) =0, &2(to) =0,
<P¢11(t0) =0, and ‘PilZ(tO) =0 for to € [—002,0} The
reference signals are yi, = 0.2sin(3t) + 0.5 cos(0.5t) and
y2r = 0.5sin(¢). Simulation results are described in Figs. 5 -7
. It is clear that, observed from the figures, all the signals in the
closed-loop switched system are bounded. Besides, the output
tracking errors y; — v, (i = 1, 2) converge to the pre-specified
performance funnels with MDADT.
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(b)

Fig. 7. (a) Adaptive laws 011, 612, 021, and Oas. (b) Switching signal o (t)
(Example 1).

Example 2: The switched nonlinear MIMO-delayed systems
is considered as

(81a)
(81b)

T = iz + firo) (%) + Rty (T7)
Tig = Uig(t) + [izo(t) (%) + higo () (T+)

wherei = 1,2,0(t) — {1,2}, fi11 = z11 sin(x21212), hi11 =
0.1sin(211,%227 ), fi21 = 112 50@0) hyo) = 215 sin(zo;
215,), fo11 = 0.1sin(za1212 — 0.2), hor1 = o1 sin(z21,212),
fao1 = @01€%25M(@21) | hooy = o) sin(w11,225), f112=0.921;
sin(zo1212), hi1a = 0.58In(211, 222, ), fi2o = x110 150 @0
h122 = T192 COS($21$%27), f212 =0.1 Sin($21$12 — 0.2), h212
= X971 SIn(T21,12), faoo = Llaged2e0s(@a) - hooy =
Ta1 co8(211,235), and 71 (t) = 72(t) = 0.1(1 + cos(t)?). Then,
the switched MIMO high-gain state observer is the same as
Example 1 in (77). To proceed, the parameters are chosen as
Li11 =10, Ljo1 =10, L;192 =15, and L;25 = 15 such that
A;; and A;o are Hurwitz matrices. To proceed, one selects
Qi1 = 1515 and Q35 = 1015 with I, = diag{1, 1}. Meanwhile,
the symmetric positive definite matrices are

-]

satisfying (9). Then, the output funnel controller design is the
same as Example 1 in (78)—(80). In Example 2, the design
parameters are taken as c¢;; = 550, c¢;21 = 500, c;90 = 480,
a; = 8, fz’l =50, Yil = 10, Cﬂ = 0.9, Ci2 = 0.8, Wil = 1500,
wie = 1400, d;; = 0.1, o; =5, = 10, and ;0 = 0.4 for i =
1,2 and [ = 1,2. Then, it can be obtained by (51) and (52)
that pp = 3.82, v; = 20.05, po = 3.41, and vy = 30.04. The
parameters of funnels are chosen as p;;, = 2.5, py7, = 0.2, and
Ty = 1fori=1,2. Based on Theorem 1, it can be concluded
that all the signals in the closed-loop system are bounded un-
der a category of switching signals with MDADT satisfying
Ta1 = 0.79 > B and 7 = 1 > 2,

The initial vectors are provided as [z11(tg),x12(t0),
21 (to), 222(t0)] =R, 2, 1.5, 1]", [Z11(t0), 212(t0), 21 (o), T2
(to)]” =[0.5,0.8,0.1,0.6]7, Oi1(to) =5, Oi2(to) = 0.5,
O21(to) =1,  O2a(to) =1,  &i(to) =0,  &ia(to) =0,
301‘11(250) =0, and (pilg(to) =0 for tge€ [—0.2,0]. The
reference signals are yi, = 0.4sin(2t) 4+ 0.5 cos(0.5¢) and
y2r = 0.2sin(t) + 0.5 cos(0.5t).

Motivated by [39], for ¢ = 1,...,n, the following indices
are utilized to quantify and compare the performances for

8.25
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TABLE I
COMPARISON OF INDICES FOR DIFFERENT CONTROL METHODS IN €1y

Index ‘ IAE, ‘ ITAE ‘ ITSE;

Proposed Funnel Control 0.0475 0.5546 0.009

Backstepping Control [15] 0.8992 12.2994 0.4421

Dynamic Surface Control [9] | 2.7922 37.4556 4.2641
TABLE II

COMPARISON OF INDICES FOR DIFFERENT CONTROL METHODS IN €2,

Index | TAE, | ITAE2 | ITSE;
Proposed Funnel Control 0.0380 0.3986 0.0005
Backstepping Control [15] 0.6814 9.3911 0.2849
Dynamic Surface Control [9] | 1.1453 12.7347 0.5860

e

W
"o

E 2 3 0 5 20
Time (sec) Time (sec)

Fig. 8. (a) System output yq, reference signal y1,, system state x12, and
estimated states 11 and Z12; (b) system output y2, reference signal y2,-, system
state zg2, and estimated states Z21 and Z22 (Example 2).

3

Fig. 9. Output tracking error (a) €14 and (b) €2, of the different control
strategies in the prespecified performance funnel (Example 2).

the switched nonlinear MIMO-delayed systems under differ-
ent control methods: 1) Integral absolute errors are defined as
IAE; = [;° |eiy(t)|dt, 2) Integral time-weighted absolute errors
are defined as ITAE; = [ t|e;,(t)|dt, and 3) Integral time
square errors are defined as ITSE; = [ te?, (¢)dt. In addition,
to compare the proposed funnel control with classical control
methods (such as the backstepping control [15] and the dynamic
surface control [9]), the results of the tracking errors €1, and €5,
can be given in Tables I and II by using the above indices with
the same design parameters and initial conditions, respectively.
Simulation results are shown in Figs. 8 — 10 where all signals in
the closed-loop system are bounded. The comparison result of
the tracking errors €1, and €3, of the different control strategies
are shown in Fig. 9, respectively. Compared with other control
methods, the tracking errors under the proposed funnel control
have better transient and steady-state performance with reduced
oscillations in the prespecified performance funnels in Fig. 9.
Clearly, for the proposed funnel control, the values of errors
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() (b)

Fig. 10.  (a) Adaptive laws 011, 012, O21, and Oao; (b) switching signal o (t)
(Example 2).

€1y and ey, are smaller than those for other control strategies
by using the above indices from Tables I and II. Thus, the pro-
posed funnel control method achieves the control performance
in the prespecified performance funnels under the category of
switching signals with MDADT.

V. CONCLUSION

In this article, an adaptive fuzzy output-feedback funnel con-
trol scheme has been presented for a class of switched nonlinear
MIMO-delayed systems. By introducing the suitable multiple
Lyapunov—Krasovskii functions, all the signals in the closed-
loop system are semiglobally uniformly ultimate bounded with
a category of switching signals satisfying MDADT via the
switched command-filtered-based backstepping techniques. The
stability analysis shows the effectiveness and flexibility of
the output feedback control scheme. In contrast to the original
nonlinear or nondelayed switched systems presented in [7] and
[24], the adaptive fuzzy output feedback funnel control approach
extends for switched nonlinear MIMO-delayed systems. It is
demonstrated that the tracking errors can stay in the prespecified
performance funnels under a flexible switching signal with
MDADT although the effects of the time-varying delays.

REFERENCES

[1] D. Cui and Z. Xiang, “Nonsingular fixed-time fault-tolerant fuzzy con-
trol for switched uncertain nonlinear systems,” IEEE Trans. Fuzzy Syst.,
vol. 31, no. 1, pp. 174-183, Jan. 2023.

[2] J.Zhao and D. J. Hill, “On stability, Lo-gain and H, control for switched
systems,” Automatica, vol. 44, pp. 1220-1232, 2008.

[3] Z.Li, L. Long, and J. Zhao, “Linear output-feedback-based semi-global
stabilization for switched nonlinear time-delay systems,” J. Franklin Inst.,
vol. 356, no. 13, pp. 7224-7245, 2019.

[4] Z. Liu, J. Yu, and H. K. Lam, “Passivity-based adaptive fuzzy control
for stochastic nonlinear switched systems via T-S fuzzy modeling,” IEEE
Trans. Fuzzy Syst., vol. 31, no. 4, pp. 1401-1408, Apr. 2023.

[5] D. Liberzon, Switching in Systems and Control. Boston, MA, USA:
Birkhéuser, 2003.

[6] D. Zeng, Z. Liu, C. L. P. Chen, Y. Zhang, and Z. Wu, “Adaptive fuzzy
output-feedback predefined-time control of nonlinear switched systems
with admissible edge-dependent average dwell time,” IEEE Trans. Fuzzy
Syst., vol. 30, no. 12, pp. 5337-5350, Dec. 2022.

[71 Z. Li, D. Yue, Y. Ma, and J. Zhao, “Neural-networks-based prescribed
tracking for nonaffine switched nonlinear time-delay systems,” [EEE
Trans. Cybern., vol. 52, no. 7, pp. 6579-6590, Jul. 2022.

[8] S.Li, C. K. Ahn, and Z. Xiang, “Command-filter-based adaptive fuzzy
finite-time control for switched nonlinear systems using state-dependent
switching method,” IEEE Trans. Fuzzy Syst., vol. 29, no. 4, pp. 833-845,
Apr. 2021.

[91 B.Niu, J. Kong, X. Zhao, J. Zhang, Z. Wang, and Y. Li, “Event-triggered
adaptive output-feedback control of switched stochastic nonlinear systems
with actuator failures: A modified MDADT method,” IEEE Trans. Cybern.,
vol. 53, no. 2, pp. 900-912, Feb. 2023.

6571

[10] J.Zhang, S. Li, C. K. Ahn, and Z. Xiang, “Decentralized event-triggered
adaptive fuzzy control for nonlinear switched large-scale systems with
input delay via command-filtered backstepping,” IEEE Trans. Fuzzy Syst.,
vol. 30, no. 6, pp. 2118-2123, Jun. 2022.

[11] X. Zhao, L. Zhang, P. Shi, and M. Liu, “Stability and stabilization of
switched linear systems with mode-dependent average dwell time,” IEEE
Trans. Autom. Control, vol. 57, no. 7, pp. 1809-1815, Jul. 2012.

[12] D.Zhai, A. Y. Lu, J. Dong, and Q. Zhang, “Adaptive tracking control for a
class of switched nonlinear systems under asynchronous switching,” IEEE
Trans. Fuzzy Syst., vol. 26, no. 3, pp. 1245-1256, Jun. 2018.

[13] Y. Xie and Q. Ma, “Adaptive event-triggered neural network control for
switching nonlinear systems with time delays,” IEEE Trans. Neural Netw.
Learn. Syst., vol. 34, no. 2, pp. 729-738, Feb. 2023.

[14] Z.LiandL.Long, “Global stabilization of switched feedforward nonlinear
time-delay systems under asynchronous switching,” IEEE Trans. Circuits
Syst. I: Reg. Papers, vol. 67, no. 2, pp. 711-724, Feb. 2020.

[15] L. J. Long and J. Zhao, “Switched-observer-based adaptive neural con-
trol of MIMO switched nonlinear systems with unknown control gains,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 28, no. 7, pp. 1696-1709
,Jul. 2017.

[16] D. Swaroop, J. K. Hedrick, P. P. Yip, and J. C. Gerdes, “Dynamic surface
control for a class of nonlinear systems,” IEEE Trans. Autom. Control,
vol. 45, no. 10, pp. 1893-1899, Oct. 2000.

[17] H. Chen, Z. Liu, C. Alippi, B. Huang, and D. Liu, “Explainable intelligent
fault diagnosis for nonlinear dynamic systems: From unsupervised to
supervised learning,” IEEE Trans. Neural Netw. Learn. Syst., vol. 35, no. 5,
pp. 6166-6179, May 2024.

[18] W.Wu,Z. Peng, D. Wang, L. Liu, and Q. L. Han, “Network-based line-of-
sight path tracking of underactuated unmanned surface vehicles with ex-
periment results,” IEEE Trans. Cybern., vol. 52, no. 10, pp. 10937-10947,
Oct. 2022.

[19] Q.ZengandJ.Zhao, “Dynamic event-triggered-based adaptive finite-time
neural control for active suspension systems with displacement constraint,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 35, no. 3, pp. 4047-4057,
Mar. 2024.

[20] Z.Li, G. Cao, W. Xie, R. Gao, and W. Zhang, “Switched-observer-based
adaptive neural networks tracking control for switched nonlinear time-
delay systems with actuator saturation,” Inf. Sci., vol. 621, pp. 36-57,2023.

[21] X. Xia, J. Pan, T. Zhang, and Y. Fang, “Command filter based adaptive
finite-time dynamic surface control for nonlinear systems with unknown
input delay under discontinuous input,” Int. J. Robust Nonlinear Control,
vol. 33, no. 6, pp. 3889-3907, 2023.

[22] M. Chen, Y. Li, H. Wang, K. Peng, and L. Wu, “Adaptive fixed-time track-
ing control for nonlinear systems based on finite-time command-filtered
backstepping,” IEEE Trans. Fuzzy Syst., vol. 31, no. 5, pp. 1604-1613,
May 2023.

[23] T. Zhang and T. Liu, “Adaptive neural optimal control via command
filter for nonlinear multi-agent systems including time-varying output
constraints,” Int. J. Robust Nonlinear Control, vol. 33, no. 2, pp. 820-849,
2023.

[24] F. Wang and L. Long, “Switched-observer-based event-triggered adaptive
fuzzy funnel control for switched nonlinear systems,” IEEE Trans. Fuzzy
Syst., vol. 30, no. 6, pp. 17731787, Jun. 2022.

[25] Y.H.Liu, C.Y. Su, and H. Li, “Adaptive output feedback funnel control of
uncertain nonlinear systems with arbitrary relative degree,” IEEE Trans.
Autom. Control, vol. 66, no. 6, pp. 2854-2860, Jun. 2021.

[26] R.Ji, D. Li, J. Ma, and S. S. Ge, “Saturation-tolerant prescribed control
of MIMO systems with unknown control directions,” IEEE Trans. Fuzzy
Syst., vol. 30, no. 12, pp. 5116-5127, Dec. 2022.

[27] C. P. Bechlioulis and G. A. Rovithakis, “Robust adaptive control of
feedback linearizable MIMO nonlinear systems with prescribed perfor-
mance,” IEEE Trans. Autom. Control, vol. 53, no. 9, pp. 2090-2099
, Oct. 2008.

[28] C. Hua, P. Ning, K. Li, and X. Guan, “Fixed-time prescribed tracking
control for stochastic nonlinear systems with unknown measurement
sensitivity,” IEEE Trans. Cybern., vol. 52, no. 5, pp. 3722-3732, May
2022.

[29] A. Ilchmann, E. P. Ryan, and C. J. Sangwin, “Tracking with prescribed
transient behaviour,” ESAIM-Control, Optimisation Calculus Variations,
vol. 7, pp. 471-493, 2002.

[30] C.Liu, H. Wang, X. Liu, and Y. Zhou, “Adaptive finite-time fuzzy funnel
control for nonaffine nonlinear systems,” IEEE Trans. Syst., Man, Cybern.
Syst., vol. 51, no. 5, pp. 2894-2903, May 2021.

[31] H. K. Lam, C. Liu, L. Wu, and X. Zhao, “Polynomial fuzzy-model-based
control systems: Stability analysis via approximated membership func-
tions considering sector nonlinearity of control input,” IEEE Trans. Fuzzy
Syst., vol. 23, no. 6, pp. 2202-2214, Dec. 2015.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on September 21,2025 at 05:54:54 UTC from |IEEE Xplore. Restrictions apply.



6572

[32] Y. Li, K. Li, and S. Tong, “An observer-based fuzzy adaptive consensus
control method for nonlinear multiagent systems,” IEEE Trans. Fuzzy
Syst., vol. 30, no. 11, pp. 4667-4678, Nov. 2022.

S. I. Han and J. M. Lee, “Fuzzy echo state neural networks and funnel
dynamic surface control for prescribed performance of a nonlinear dy-
namic system,” IEEE Trans. Ind. Electron., vol. 61, no. 2, pp. 1099-1112,
Feb. 2014.

M. Van, S. S. Ge, and H. Ren, “Finite time fault tolerant control for robot
manipulators using time delay estimation and continuous nonsingular
fast terminal sliding mode control,” IEEE Trans. Cybern., vol. 47, no. 7,
pp. 1681-1693, Jul. 2017.

J. A. Farrell, M. Polycarpou, M. Sharma, and W. Dong, “Command filtered
backstepping,” IEEE Trans. Autom. Control, vol. 54,no. 6, pp. 1391-1395,
Jun. 2009.

Z. Li, H. Chen, W. Wu, and W. Zhang, “Dynamic output feedback
fault-tolerant control for switched vehicle active suspension delayed
systems,” IEEE Trans. Veh. Technol., early access, Feb. 27, 2024,
doi: 10.1109/TVT.2024.3370094.

L. Long and Y. Bian, “State constraints-based adaptive neural network
control for switched nonlinear systems with unmodeled dynamics,” Int. J.
Robust Nonlinear Control, vol. 30, no. 18, pp. 7835-7856, 2020.

H.J. Estrada-Garcla, L. A. Mdrquez-Martinez, and C. H. Moog, “Master-
slave synchronization for two inverted pendulums with communication
time-delay,” in Topics in Time Delay Systems: Analysis, Algorithms and
Control. Berlin, Germany: Springer, 2009, pp. 403—413.

J. Na, Y. Huang, X. Wu, Y. J. Liu, Y. Li, and G. Li, “Active suspension
control of quarter—car system with experimental validation,” IEEE Trans.
Syst., Man, Cybern. Syst., vol. 52, no. 8, pp. 4714-4726, Aug. 2022.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Zhenhua Li received the B.S. degree in automation
from the Harbin University of Science and Technol-
ogy, Harbin, China, in 2017, and the M.S. degree in
control theory and control engineering from North-
eastern University, Shenyang, China, in 2020. He
is currently working toward the Eng.D. degree in
electronic information with the Department of Au-
tomation, Shanghai Jiao Tong University, Shanghai,
China.

His research interests include adaptive control,
nonlinear systems, observer theory, switched sys-
tems, time-delay systems, and autonomous systems.

Dr. Li was the recipient of the Best Theory Paper Award at the China
Automation Congress from Chinese Association of Automation (CAA) in 2022.
He is a Reviewer of some international journals, such as IEEE TRANSACTIONS
ON INDUSTRIAL INFORMATICS and International Journal of Systems Science.

Hongtian Chen (Member, IEEE) received the Ph.D.
degree in control theory and control engineering from
the College of Automation Engineering, Nanjing Uni-
versity of Aeronautics and Astronautics, Nanjing,
China, in 2019.

From 2019 to 2023, he was a Postdoctoral Fel-
low with the University of Alberta, Edmonton, AB,
Canada. Since 2023, he has been an Associate Pro-
fessor with the Department of Automation, Shanghai
Jiao Tong University, Shanghai, China. His research
interests include fault diagnosis and fault-tolerant
control, data mining and analytics, machine learning, and cooperative control;
and their applications in high-speed trains, new energy systems, industrial
processes, and autonomous systems.

Dr. Chen was the recipient of the Grand Prize of Innovation Award of
Ministry of Industry and Information Technology of the People’s Republic
of China in 2019, the Excellent Ph.D. Thesis Award of Jiangsu in 2020, the
Excellent Doctoral Dissertation Award from Chinese Association of Automation
in 2020, Marie Sktodowska-Curie Actions in 2023, and Pujiang Scholar in
2023. He is an Associate Editor and Guest Editor of several international jour-
nals, such as IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT,
IEEE TRANSACTIONS ON ARTIFICIAL INTELLIGENCE, IEEE TRANSACTIONS ON
NEURAL NETWORKS AND LEARNING SYSTEMS, and International Journal of
Robotics and Automation. He was also a Co-Chair and Program Chair for
international conferences, such as the 6th International Conference on Robotics,
Control, and Automation Engineering.

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 32, NO. 11, NOVEMBER 2024

Hak-Keung Lam (Fellow, IEEE) received the B.Eng.
(Hons.) and Ph.D. degrees in electronic and informa-
tion engineering from the Hong Kong Polytechnic
University, Hong Kong, in 1995 and 2000, respec-
tively.

He was with the Department of Electronic and
Information Engineering, the Hong Kong Polytechnic
University, as a Postdoctoral Fellow, in 2000, and then
as a Research Fellow, in 2005. In 2005, he joined as a
Lecturer with King’s College London, London, U.K.,
where he is currently a Reader. He has coedited two
edited volumes: Control of Chaotic Nonlinear Circuits (World Scientific, 2009)
and Computational Intelligence and Its Applications (World Scientific, 2012);
and authored or coauthored three monographs: Stability Analysis of Fuzzy-
Model-Based Control Systems (Springer, 2011), Polynomial Fuzzy Model-Based
Control Systems (Springer, 2016), and Analysis and Synthesis for Interval Type-2
Fuzzy-Model-Based Systems (Springer, 2016). His research interests include
intelligent control, computational intelligence, and machine learning.

Dr. Lam was an Associate Editor for IEEE TRANSACTIONS ON CIRCUITS AND
SYSTEMS-II: EXPRESS BRIEFS and is an Associate Editor for IEEE TRANSAC-
TIONS ON Fuzzy SYSTEMS, IET Control Theory and Applications, International
Journal of Fuzzy Systems, Neurocomputing, and Nonlinear Dynamics. He is
a Guest Editor for a number of international journals. He was a Program
Committee Member, International Advisory Board Member, Invited Session
Chair, and Publication Chair for various international conferences and a reviewer
for various books, international journals, and international conferences. He is
on the editorial boards of Journal of Intelligent Learning Systems and Applica-
tions, Journal of Applied Mathematics, Mathematical Problems in Engineering,
Modeling and Simulation in Engineering, Annual Review of Chaos Theory,
Bifurcations and Dynamical System, The Open Cybernetics and Systemics
Journal, Cogent Engineering, and International Journal of Sensors, Wireless
Communications and Control. He was named as a highly cited Researcher.

Wentao Wu (Student Member, IEEE) received the
B.E. degree in electrical engineering and automation
from the Harbin University of Science and Technol-
ogy, Harbin, China, in 2018, and the M.E. degree in
electrical engineering from Dalian Maritime Univer-
sity, Dalian, China, in 2021. He is currently work-
ing toward the Ph.D. degree in electronic informa-
tion from Shanghai Jiao Tong University, Shanghai,
China.

From 2023 to 2024, he was a Visiting Research
Scholar with the Department of Mechanical Engi-
neering, University of Victoria, Victoria, BC, Canada. His current research
interests include cooperative control, safety-critical control, constrained control,
and game-based control of multiple marine vehicles.

Weidong Zhang (Senior Member, IEEE) received the
B.S. degree in measurement technology and instru-
ments, M.S. degree in applied electronic technology,
and Ph.D. degree in control theory and its application
from Zhejiang University, Hangzhou, China, in 1990,
1993, and 1996, respectively.

He was a Postdoctoral Fellow with Shanghai Jiao
Tong University, Shanghai China, where he joined as
an Associate Professor in 1998, and has been a Full
Professor since 1999. From 2003 to 2004, he was an
Alexander von Humboldt Fellow with the University
of Stuttgart, Stuttgart, Germany. From 2013 to 2017, he was a Deputy Dean with
the Department of Automation, Shanghai Jiao Tong University. He is currently
a Director of the Engineering Research Center of Marine Automation, Shanghai
Municipal Education Commission, and Director of Marine Intelligent System
Engineering Research Center, Ministry of Education, China. He has authored or
coauthored more than 300 papers and one book. His research interests include
control theory, machine learning theory, and their applications in industry and
autonomous systems.

Dr. Zhang was the recipient of National Science Fund for Distinguished Young
Scholars, China, and Cheung Kong Scholar, Ministry of Education, China. He
has been recognized as an Elsevier’s Most Cited Researcher.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on September 21,2025 at 05:54:54 UTC from |IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/TVT.2024.3370094


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


