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Abstract: This paper focuses on dealing with the problem of co-designing a fuzzy-basis-dependent
event generator and an asynchronous filter of fuzzy Markovian jump systems via event-triggered
non-parallel distribution compensation (non-PDC) scheme. The introduction of the event-triggered
non-PDC scheme can reduce the number of real-time filter gain design operations with a large
computational load. Furthermore, to perform an effective relaxation process, several kinds of time-
varying parameters in filter design conditions are simultaneously relaxed by utilizing two zero
equalities of transition probabilities and mismatch errors. In addition, to improve the considered
performance, the event generation function is established based on fuzzy-basis-dependent event
weighting matrices.
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1. Introduction

As is well known, the Markovian jump system model has the advantage that it
is very suitable for characterizing dynamic hybrid systems with abrupt parameters or
structural changes (see [1-4]). Furthermore, it has also been recognized that the T-S fuzzy
system model has an excellent ability to represent nonlinear systems by blending local
linear systems (refer to [5-11]). In this context, fuzzy Markovian jump systems (FMJSs)
have become quite popular because these systems can systematically fuse the unique
features of the above two system models. Accordingly, the FM]JSs have been actively
utilized in various application systems where nonlinearity and system mode change must
be considered, for example in fields such as robotic, communication, network control,
economic system, and power system [12-18]. In particular, as reported in [19-21], the
introduction of the non-PDC scheme offers the advantage of decreasing the conservatism
of the controller or filter design conditions. Thus, in light of the non-PDC scheme, Ref. [22]
developed the robust mode-independent state-feedback controller for homogeneous FM]JSs,
and Ref. [23] designed the super-twisting controller for descriptor homogeneous FM]JSs via
integral sliding modes. In addition, Ref. [24] addressed the problem of synchronous mode-
dependent observer-based control for fractional-order fuzzy systems with homogeneous
Markov process via the non-PDC scheme. Most recently, using the non-PDC scheme,
Ref. [25] addressed the problem of dissipative controller design for nonhomogeneous
FM]Ss with dual modes.

However, one noteworthy point is that further investigation is still needed to consider
the asynchronism and nonhomogeneity when designing filters of FMJSs according to the
non-PDC scheme.

Moreover, an event-triggered mechanism has received considerable attention in re-
cent years due to its advantages of reducing the transmitted data throughput and/or
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computation times. In fact, since the non-PDC scheme requires more computational load
compared to the PDC scheme due to inverse matrix operations, performing such operations
every time acts as a factor that reduces the efficiency of hardware resources. For this
reason, the number of times to update the fuzzy filter gains also needs to be reduced by
automatically activating the non-PDC and fuzzy basis function (FBF) modules according
to an event-triggered mechanism. To realize this, two additional design requirements
must be considered along with the filter design problem: (i) one is that the current system
operation mode cannot be precisely used for filter operation, and (ii) the other is that the
current premise variables of FBF cannot be accurately obtained real-time. In [26], a study
of event-triggered and reduced-order filtering for homogeneous FMJSs was performed
with consideration of asynchronous filter modes. In addition, Ref. [27] addressed the adap-
tive event-triggered finite-time filtering problem for interval type-2 homogeneous FM]Ss
with asynchronous modes, and Ref. [28] investigated the event-triggered asynchronous
filtering problem of semi-FM]JSs subject to deception attacks. Besides, under imperfect
premise matching, Ref. [29] addressed the networked H fuzzy filtering problem of homo-
geneous FM]JSs. Indeed, all of the above studies provide successful results in designing
event-triggered and networked filters under practical constraints. However, it is also true
that more attention needs to be paid to simultaneously meet the above requirements in the
non-PDC filtering problem of nonhomogeneous FM]Ss.

To compensate for the shortcomings of the previous studies, this paper aims to co-
design a fuzzy-basis-dependent event generator and an asynchronous filter of nonhomoge-
neous FM]JSs via an event-triggered non-PDC scheme. To this end, this paper provides a
method to transform the nonconvex form of filter design conditions into the parameterized
linear matrix inequality (PLMI)-based form by utilizing the congruence transformation and
the matrix inequality-based decoupling method. After that, based on the proposed relax-
ation process, the PLMI-based conditions are transformed into the LMI-based conditions in
a less conservative manner. The detailed contributions of this paper can be summarized
as follows.

° In contrast to other studies based on the PDC scheme, to enhance the performance
improvement, this paper uses a non-PDC scheme when designing asynchronous
mode-dependent fuzzy filter gains. In addition, the mode- and fuzzy-basis-dependent
event weighting matrices are employed to construct the event generation function.

e By taking the design requirements (i) and (ii) into account, this paper proposes a
method such that at the moment when the event generation condition is satisfied,
the system mode can be transmitted to the filter side, and the non-PDC and FBF
modules can be activated. In particular, the problem of mismatched fuzzy basis
functions, caused by using the event-triggered outputs as the source of premise
variables on the filter side, is effectively addressed by considering their errors from
the original.

e  The relaxation of the PLMI-based conditions is effectively performed (i) by simultane-
ously addressing three types of time-varying parameters, i.e., transition probabilities,
fuzzy basis functions, and mismatched fuzzy basis functions, and (ii) by reflecting
two zero equalities of transition probabilities and mismatch errors in the relaxation
process so that less conservative LMIs can be derived from PLMIs.

Notations: N, denotes the set {1,2,---,n}. P > 0 (P > 0) means that P is real symmetric
and positive semidefinite (definite). In symmetric block matrices, the asterisk () is used
as an ellipsis for terms induced by symmetry. E{-} denotes the mathematical expectation;
diag(-) stands for a block-diagonal matrix; col(vy, v, ..., vy) = [v] 0] -+ ol1T; He{X} =
X + XT; and I, is the n x n-dimensional identity matrix. A, = {col(/\1, s Ap) €
R" ‘ M+--4+A, =1, A >20,i € Nn} denotes the n — 1 dimensional standard sim-
plex. For S = {sq,5p,- - -, su }, the following notations are used:

T

[Qi]ieS = [ QsTl QsTn ] [Qi]?egzdiag(%u”'/an)/
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where Q(,) denotes a real submatrix or a scalar value.

2. System Description and Preliminaries

For a given probability space (Q, F, Pr), let us consider the following FMJS with the
system mode ¢(k) € Ny = {1,2,--- ,a}:

x(k+1) = A(6(k), ¢(k))x(k) + B(6(k), p(k))w(k),
y(k) = C(0(k), ¢(k))x (k) + D(0(k), ¢ (k))w(k), 1)
z(k) = E(6(k), ¢(k))x(k),

where x(k) € R"™, w(k) € R™, y(k) € R™, and z(k) € R"= denote the state, the disturbance
input that belongs to £,[0,00), the measurement output, and the performance output;
¢(k) is characterized by a discrete-time Markov chain operating according to 77, (k) =

Pr(¢pi1 = ¢ = g); and for ¢(k) = g,

AB(K), p(K)) = _ileAn(k))Agi, B(8(k), p(k)) = _ﬁlelw(k))Bgi,
C(O(K), ¢ (k) = ile,wa«))cgi, D(O(K), §(k)) = ﬁexn(k»ogi,

in which (k) = col(01(n(k)),02(n(k)),---,0,(n(k))) denotes the normalized fuzzy ba-
sis (or called fuzzy weighting) function vector goverend by the premise variable 7(k);
and r denotes the number of IF-THEN fuzzy rules. Specifically, in (1), 0(k) and 7o (k) =
col(7tg1 (k), g2 (k), - - -, 7ga(k)) satisfy 0(k) € A, and mg(k) € Ay. Furthermore, to con-
sider realistic situations, the mode set of 1 € N, is classified into two subsets such that
Ny = Hg U H,:

Hg = {h € Ny | 714, (k) is time-invariant as 77, and completely known },
Hy = {heN,| Tgn(k) is bounded as € [1tyy, 7Ten] }, )

where ﬁg contains the set {h € Ny | 774, (k) is completely unknown} because the transition
probability essentially satisfies 774, (k) € [0, 1].

Next, let us consider the following output error between the current and transmitted
outputs, caused by the event-triggered mechanism:

(k) = y(k) = y(sp), ®)

where s, indicates the last transfer time instance and p € {0,1,2,- - - } represents the
corresponding index number. Based on the output error, the event-triggered mechanism
operates according to the following fuzzy-basis-dependent event generation function:

Fy(R),y(sp)) = 7" (k)Sg(0(k))(k) =y (k) (TgSg(6(k))) y (k), )

where S¢(6(k)) > 0 denotes the fuzzy-basis-dependent event weighting matrix to be
determined later, and Ty = diag('ygl,'ng, . ,’ygm) denotes the given event threshold
matrix with Vi € [0,1] for all i € Ny,. In other words, the transmission of both output and
system mode is triggered at the following time instance:

spr1 = inf {k >sp | f(y(k),y(sp)) > 0}. ©)
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As shown in Figure 1, this paper aims to design a filter that estimates the perfor-
mance output z(k) using the measured output y(k) under an event-triggered mechanism.
The event-triggered mechanism is operated through the event generator and the trans-
mitter, where the event generator outputs an ENT signal to the transmitter at the mo-
ment (5) holds (i.e., at k = s,), and the transmitter is activated by the ENT signal and
sends the measured output signal y(s,) and system mode ¢(s,) to the next modules. In
particular, the FBF module is used to construct the event-triggered fuzzy basis function
0(sp) = col(61(sp), 02(sp), - -+ ,0r(sp)) from the transmitted output y(sy), and the non-PDC
module calculates the 8-dependent filter gains using the inverse operation.

. N $ k)
System LG
J ) !
o A waot
ENT
:2 geE\‘:'::or & Transmitter
y(sp) 1
" 1
i
- Filter i l o
Z(k) Y, i e

|
non-PDC module ] 0(sp) |
[ (inverse operator) FBF module
[ J

Figure 1. Block diagram of the entire system under our consideration.

Remark 1. The event generator performs calculations (3) and (4), and then generates an ENT
signal at the moment (5) holds. With a cascade connection, the transmitter is activated by the
ENT signal and sends the measured output y(sp) and system mode ¢(s,) to the filter and the
FBF module.

Remark 2. As can be seen from Figure 1, the role of the ENT signal can be specifically divided
into two categories. The first is to determine the timing at which the transmitter is activated.
When the transmitter is activated, the triggered output signal y(s,) and ¢(s,) can be sent to the
next modules. The second is to activate the filter gain update process consisting of the FBF module
and the non-PDC module. Ultimately, the ENT-based update process can reduce the number of
inverse operations to be driven in the non-PDC module.

Constraint 1. To reduce data throughput, this paper proposes a protocol that allows the system
mode ¢ (k) to be transmitted to the filter side at time instance k = sp. Thereupon, the filter mode is
maintained at ¢(sp) for k € [sp, sy, 1), which becomes asynchronous with the system mode ¢ (k)
for that time interval. In this regard, as a form of representing the asynchronism between ¢ (k) and
¢(sp), this paper employs the following conditional probability:

Pr(¢(sp) =L | p(k) = g) = @gp, Vg, L €Ny, (6)

which satisfies @y = col(a)gl,(ogz, o+, @) € Ay In practice, one can utilize the relative
frequency distribution method [30] to construct gy from data for (p(k), ¢(sp)) pairs.

Constraint 2. In the considered protocol, since the output signal is transmitted to the filter side
only at k = sy, the fuzzy basis function must be constructed using the transmitted output y(s,) via
the FBF module in Figure 1, and the fuzzy-basis-dependent filter has no choice but to be designed
on the basis of 0(sp) = col(01(1(sp),- - ,0r(1(sp))) € Ay via the non-PDC module in Figure 1.
Meanwhile, since the mismatched fuzzy basis function 6(s,) is given from 6(k), the following
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properties still hold: Yi_, 0;(sp) = 1and 0 < 0;(s,) <1, forall i € N,. Thus, the mismatch error
0i(k) = 0;(k) — 0;(sp) satisfies

Zr;fsi(k) =

where 6; is introduced as a tunable upper bound to improve filtering performance. In practice,
the setting of &; will be verified via the transient responses of 0;(k) and 0;(sp).

Remark 3. Since the fuzzy basis function of filter, i.e., 6(sp), corresponds to an instantaneous
value of 0(k) at k = s, it still follows the fundamental properties of 6(k), that is, YI_; 6;(sp) = 1
and 0 < 0;(sp) <1, foralli € N,.

By considering (2)—(7), subject to Constraints 1 and 2:

{f<k+1> = F(0(sp), ¢(sp))%(k) + G(8(sp), p(5p) )y (sp),
2(k) = H(0(sp), ¢(sp))%(k),

where %(k) € R"™* and Z(k) € R"= denote the filter state and the estimated performance
output, respectively; ¢(s,) stands for the asynchronous filter mode; and the filter gains
F(0(sp), ¢(sp)), G(8(sp), P(sp)), and H(O(sp),¢(sp)) are obtained later according to the
non-PDC scheme [20].

®)

Remark 4. In comparison to PDC, the non-PDC scheme demands more computational burden
to calculate the fuzzy filter gains. Thus, based on (8), this paper proposes a method such that Z(k)
follows z(k) even if the filter gains are updated only when the output is transmitted (i.e., at time
instance k = s).

Before going ahead, for the sake of simplicity, we use the following notations hereafter:
0 = 0(k), 0; = 0;(n(k)), 67 = 6(k+1), 0" = 6;(k+1),0 = 0(sp), 6; = 0i(sp), 6 = 5(k),
0 = di(k), and Og(0) = O(0(k),p(k) = g) = Y1 0;Oy; for any matrix O(0(k), p(k)).
In addition, we define 7o, = (7, + Tg,)/2 and &gy, = (Tgp — Tgp,) /2 to represent the
transition probability of (2) as follows:

ngh(k) = ﬁgh +£gh(k)/ Sgh(k) € [_‘E'gh/ zgh}/ Vh € ]ITHg- 9)
As a result, letting

# (k) = [ 2T(k) = £T(k) | € ROwtmo),

we can obtain the following filtering error system from (1) and (8):

2(k+1) = Ag(6,0)x(k )+Gz( 0)7(k) + By (6, 0)w(k),
y(k) = C;(0)x(k) + Dg (0)w(k), (10)
z(k) = Eg(0,0)x(k),
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A (9) | 0 ) — 0 Ny+ng) X
w00 = [ ke i | @@= =gy | exmrna
- B, (0 ' mx (ny+nz
B (6,0) = { Gg(é%g);(e) ] Co(0) = [ Co(8) ' 0] € Rmx(mtnz), (12)
Eo(0,0) = [ Eg(6) —H,(6) ]. (13)

Lemma 1 ([31]). Let us consider the fuzzy-basis-dependent matrix M(6) = Y|_, er-zl 0;0;M;;.
Then, M(6) < 0 holds if it holds that

0>M;, VieN,
1 1 .
0> —=Mj;+ 5 (Mj; + Mj;), Vi j(# i) € Ny.

Definition 1 ([32]). For any initial condition, system (10) with w(k) = 0 is stochastically stable
if it holds that

E{é“x(k)“z ‘ x(o),¢(o)} < oo, (14)

Definition 2 ([33]). For the zero initial condition, suppose the energy supply function J satisfies
that for a given scalar B > 0and any T > 0,

T T
J =Y E{W(z(k),w(k)} > B Y E{llw(k)]?}, (15)
k=0 k=0
with the following quadratic energy supply rate:
W(-) = zT (k) Qz(k) + 2z (k)Sw(k) + w” (k)STz(k) + w' (k)Rw(k), (16)
where Q@ = QT < 0 (ie., —Q = Q4 QlT), S, and R = RT are given real matrices. Then,

system (10) is said to be strictly dissipative, and B denotes the dissipativity performance level.

3. Asynchronous Mode-Dependent Filter Design

Let us choose a mode- and fuzzy-basis-dependent Lyapunov function candidate of
the following form:

V(k) = V(x(k),¢(k) = g) = x" (k) Pg(8)x(k), (17)

where P (0) > 0.
The following lemma presents the stochastic stability and strict (Q, S, R )-B-dissipativity
condition of (10) subject to (5).

Lemma 2. The filtering error system (10) is stochastically stable and strictly (Q, S, R)-B-dissipative
if it holds that

0> E{AV(K) — f(y(k), y(sp))} + Bllw(k)| |2 — E{W(z(k), w(k))}. (18)

Proof of Lemma 2. First, let us consider the case of w(k) = 0. Then, since the event-
triggered mechanism allows f(y(k), y(sp)) < 0 on the basis of (5), condition (18) ensures

0> E{AV(K) — f(y(k),y(sp))} — E{z" (k) Qz(k)} > E{AV(k)}, (19)
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which can be represented as E{AV (k)} < —e||%(k)||> with a sufficiently small scalar € > 0.
Thus, for w(k) = 0, it follows that

E(V(T+1)} - V(0 €E{lex ||2|f(0)/4>(0)}- (20)

As a result, since it is satisfied that

{2 £ ()1 | %(0), ¢><o>} <2V(0) <,

the filtering error system (10) is stochastically stable in the absence of disturbances according
to Definition 1.

Next, let us consider the case where w(k) # 0 and %(0) = 0 (ie., V(0) = 0).
Then, since (18) ensures

0> E{AV(Kk)} + Bllw(k) |3 — E{W(z(k),w(k))}, (21)
it is obvious that

0>E{V(T+1) }+ﬁ2||w (k)| > -
k=0

>ﬁZHw )P - (22)

which means that the filtering error system (10) is strictly (Q, S, R )-B-dissipative according
to Definition 2. [J

The following lemma presents the stochastic stability and strict (Q, S, R )-B-dissipativity
condition of (10) subject to (5), formulated in terms of multi-parameterized linear matrix
inequalities (MPLMISs).

Lemma 3. For prescribed I'; € R™™ and Y = [I,; 0] Te R™>": suppose that there
exist a scalar B > 0 and matrices F/(6) € R"<"s, G,(9) € R"™>", Hy(f) € R*=>"x,
0 < S¢(0) € R™™,

— i
L () B0
C wg) 1 w®
0< Wgé(@) - |- - géf@fl,vygé)@) e R(nx+nx)><n/ (24)
L (*) 1 Wg[ (9)
[ DA vi®) 5
~ u,/0)Y 0
ugg(e) = |- 7%)7(:) 4‘ _ ,(:% ,(~,) e R(nxtn )><n/ (25)
L ugé (9) 1 u[ (9)
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such that for all g and ¢ € N,, it holds that

—1v 0 10 o |¥l) ¢, o 0 T
- - T - - - -~ == - - - - = 717777T 77777777777777
(0 TTeS(@) 0 0 ¥l 0 1 0 TgS(O)Ds(6)
I
| | |
0> |0, 0 () ¥ T3ix) ‘P%g) . Tas T:(a% , (26)
(*) : (*) : (£) (%) | Yuy ‘Iﬂ(%) : 0 ‘Pz(;g)
)0 ) () () Yyl 0 Yo
L0 (¢ T (x| (x) (»! 0 —R+ Bl
®
0< Pg(@) - Z (Dggwgg(e), (27)
/=1
where

¥ = Q1Eg(0), Y2 = —QiH,(6),
¥ = TS,(0)C,(8), ¥ = PV (67) — He{U!) ()},
)

gl
¥§) =P (%) —yu (0) - ul)T(9), ¥ =P (0%) — He{U¥ (6)},
¥ = U} (0)A5(0) + YCu(B)Cy(0), ¥ = YE,(9),
¥ = U (8)Ay(6) + G,(0)C,(0), YL = F,(8),
¥4 = ~YGi(0), ¥y = ~Ci(0),

¥l = UL (0)Bg(6) + YGo(0)Dg(6), WS = UL (8)Bg(6) + Go(8) Dy (6),

i = W (0, Y = W 0), Y = Wl e),
i = —EL(0)S, ¥ig = H] (§)S.

Then the filtering error system (10) is stochastically stable and strictly (9,8, R)-/S—dissipative,

and the fuzzy filter gains F,(0) and G, (f) are designed via the non-PDC scheme as follows:
_ SN T _ 3 N1~
F(@) = (U @) Fd), Gi(0) = (u®) Gu(d).

Proof of Lemma 3. In order to facilitate the later discussion, let us define

n'(k)=[x"(k) 7" (k) ],
7Tk =[ 2Tk g7k w'(k) | =[n"(k) (k) ].

Then, the filtering error system (10) can be rewritten as follows:

T(k+1) = CDgg(G, 0)n (k) + ng(H, 0)w(k)
= &g (6,0)77(k), (28)
where
Doy (0,0) = [ Ag(6,0) Gy(8) |,
CI)gZ(GI é) = qug(G, é) : Bg((Q, é)
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Furthermore, based on (17) and (28), it is valid that

V(E(k+1),¢(k+1) =h) [ ¢(k) =8, ¢(sp) = f} - V(x(k),8)

=7 (k) (; @gr D (8,0)Pg(87) g (6, 9)) (k) — 27 (k) Py (6)%(K), (29)

where
P,(67) = P(O(k + 1),¢(k+1)=h),

= 3 g (k)P4 (6
h=1

Accordingly, from (27) and (29), it follows that

E{AV(K)} <7 (k Dogg( 2(0,0)P, (67 )Cbgg(ﬂ,é)—diag(ng(G),0,0)) (k).  (30)

|

Continuing, (4) and (16) lead to

o E{f(y(k),y(sp))} = E{7" (0)Sg(0)7(K) — y" (k) (TS (6))y (k) }

o Bllw(k)|* —E{W(z(k), w(k))}

N El,(0,0)Q] Q1E.(6,0) 0 —Egg(e) 0)S
=77 (k)Y @gr 0 0 0 7(k).
(=1 (*) 0 ‘BI - R
(32)

Thus, combining (30)—-(32) results in

E{AV (k) = f(y(k), y(sp)) } + Bllw(k)||* — E{W(z( (k))}<ﬁT(k)<iwng>ﬁ(k)f

where
T = Dg(0,0)Pg (671) Dy (6,0)

+ [ Co(8) 0 Dy(8) ]'TySg(0)[ Co(6) 0 Dy(6) ]
+[ QiEg(6,6) 0 0] QiEg(6,6) 0 0]

—We(6) 0 fﬁgg(e, 0)S
+ 0 —Sg(6) 0 (33)
(%) 0 —R+BI
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As a result, the condition T < 0 ensures the stochastic stability and strict dissipativity
condition (18) in Lemma 2, and the Schur complement of T < 0 is formulated as follows:

[ =Ly 0 0 | QEy(66) 0 o ]
Ry GO A TeSe(0)C6) | 0 TgS(0)Ds(6)
oo |00 T RTED] AL G Bé%é(e,e) b
CIECIRENG “We®) 0 —EL(680)35
0, 0 | (% 0 —S¢(0) 0
L0 () (%) (%) 0 -R+ Bl
In what follows, note that (23) leads to
0 < Pg(67)
: BYen) B2 e)
— ;gngh(k)l (%) jPhg)(9+)
_ [ Py (60) P (0") ] | 5)
(«) P67
Thus, since (26) implies
W v
" [ () ¥
. [—He{u @} -0 - u;i”@]
() | —He{u? (@)}

the nonsingular matrix U, ¢(0) in (25) can be used for a congruence transformation on (34),

and U( )( 0) is also invertible.
Pre and post-multiplying (34) by diag(I, I, Ugg(é), I,1,1) and its transpose and by
using —Ugg(é)Pg_l(9+)u;£(9~) < Pg(6") — He{Ug(6)}, it is given that

ey S U T O S VI o o ]
C0 P oTeSe(0) 0 0 | Wou 0 TSe(0)Dg(6)
0 | 0  ¥a3 ¥34 ¥s3s5 Fs36
R I O R O R N ¥ () R T
0, 0 (% 0 —5,(0) 0
I € R CO I B € 0 ~R+BI

where Y14 = QEg(6,6), Y24 = TgSg(0)Cq(6), Yoz = Pg(6F) — He{Ug(8)}, Y31 =
Ug(0)Age(0,6), Y35 = Ug(0)Gy(B), Y35 = Ug(0)By(6,6), and Y46 = —EL,(6,0)S.
Spec1f1cally, based on (11)—(13), (25), and (35), the block matrices in (36) can be described
as follows:

Y= [ QiEg(0)  —Q1Hy(0) ], ¥ou = [ TgSe(0)Cq 0],
¥y = ) - me(ul@) o ,,‘ELE(,)Q ug" (@)
(%) - PY(6%) —He{U”) (4)}
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Y3y =

Y36

where G,(0) = Ul@ (0)Gy(9) and F,(8) = Ué(s)(G)Fg( 0). Therefore, condition (36) boils
down to (26), which becomes the stochastic stability and strict (Q, S, R)-p-dissipativity

condition. [

The following theorem presents the stochastic stability and strict (Q, S, R )-B-dissipativity
condition of (10) subject to (5), formulated in terms of LMIs by establishing

r r r r
Y 6iF Z 0;Gui, Hy(0) = Y 6iHy;, Sg(0) = Y 6;Sgi, (37)
i=1 i=1 i=1 i=1

’ r
Z GngZ, W Z ;W\, Zz/ =, Gl‘uggl'. (38)

i=1

Theorem 1. For prescribed 'y € R™ ™ gnd Y = [I,,. 0 T € R™*"x gsyppose that there exist
p g h 3 pp
a scalar B > 0 and matrices Fy; € R"™*"%, Gy € R™*™, Hy € R"™=%M, 0 < S € R,

Ngﬂis =N/

glis

0<Pgi

ugfz'

Zg

c R(nz+nx+2nx) xn

such that for all g, € Ny, it holds that:

with

[ p | p® wl | w
B K] R0 < Wy = |- 80| e e,
| () By () 1 Weii
[ (3) 1) (2
u YU, X X
51)7‘77(?) ERMM, Xg = Xg; = |- -8 - 85| e RV,
Ugy ' Uy (*) ' Xei
1) () 1) \(2)
VAN AY YooY
JCsi J(% € R Yoni YgThi — | ghi 72%% e R
| ()1 Zg () 1 You
0> Mg[pii/ Vp,l eN,, (39)
1 1 .. .
0> mMgfpii + E(Mgfpl] + Mgfpji)r vp, Z,](7é 1) eN, (40)
Xoi + Z éghthi | (%)
0> ,77771@%7777‘77773777,%’61\1,, (41)
1
[3Phi + Zgil e, 1 [ = Yonilhen
[
0 < Py — ) @gWeyi, Vi €Ny, (42)
=1
2 |
_ Mgépq + Mg(l] + RT (Z o5 N, 8515) [ (*)
|\ _ _ _ __ ______As=L_ Lo d I 4
[Sg&r ngls]seN,_l j [_ Ngfis]seN,_l
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where
-1 0 10 o [¥l). 0 10 0o |
- — — —_— e e ] — — o — — — b 7(,1)L7777 7777777777
0 TeSei ,(07 - ,(9), Youij 0 1 0 TgSiDgj
D+ H@F
0 0 ¥y ¥ 0 0 1 0 0
[ [ o [
M= | 01 0 () ¥grlo 0o 0 |, @
(%) | (*) | 0 0 ‘I’Sﬁi ‘Pzﬁ)i | 0 ngi
01 0 1 0 o | (v ¥, o0 0
7707T”"ﬁ‘77077"67“6”767‘*1%;7”6”’
L0 (6 0 0 (*) 0 ' 0 -R+BI
r I I (2) I b |
| | |
o Ty e @ 1w T w@ Tw) )
D T?Bij T‘ZA)” T() ‘T?Sf T?éﬁij
(3 3 4 2 2
Myij = 0o ‘ (*)  ¥a5, | Yo Yas ‘ Yais; Yaeii |, (44)
0 : 0 : (x) (%) 0 0 : 0 02
W0 ()] 0 0 0 g
010, (x) (] 0 0, 0 0
| 010! (%) () 0 (x) 10 0 |
[0r0r 0 0 | 0 ¥Pio0o o
| | [
(1) (2) (1) (2) (1) (1)
= | 010 TR Ty T T Ty T
8ty — &3 3 4 2 2 ’
0: 0 | SO £% il Yaaij Yau | Y5, Yaoi
(01010 0 | 0 010 ¥
r1,0,0 0]0 0,0 O
R_ |00 00 010 0
“lo,0,0 I1/0 0,0 0]}
000 0|0 110 0

2)
in which ‘i’ = Q1Eg, T§4] —Q1Hyj, 54)1] TgS4iCyj,

1 O
33p Z ”gh + Z ”gh +X8P’ Y33, = —He{ gﬁJ}

heHyg
F(2)+ _ (2) = p(2) (2) 2 (3) )T
Yip = 2 TPy, + Z Py, +Xgp, ¥ = —YU; — Uy,
heHy heHy
@) 0B (3
33p 2 P + Y APy, +Xgp, ¥a3; = —He {U b
heHg
W — yWMa 2) _ G _ @ 4 _ 1 _
Yag = UggiAgi + YGiiCoiy Yoy = YFy, ¥y = Uy Agi + GiCair ¥y = Frj Yo
y(2) _ (1) g y(2) 2) 1 _ (1)
—YGyj, ¥35; = —Guj, Y365 = Ugy Bi + Y GyDgi, Wi 15 = Uy Boi + GyiDgi, Wiy = —Weyy,
2 2 3 3 1 2
4(14)1 — —Wg(&), Tz(yt)z = —Wg(&.), ‘F516)1 = ETS ‘I’() HKT]S. Then the filtering error

system (10) is stochastically stable and strictly (Q S,R)- ﬁ dissipative, and the fuzzy filter gains
are calculated via the non-PDC module in Figure 1 as follows:

EyS r v r
F,(6) = (ZQ uy; ) (Z ) Ge(0) = (Zéiu§?)> (Z éiééi>/Hé(é) =) 6iHy;.
’ ' i=1



Mathematics 2022, 10, 2917

13 of 25

Proof of Theorem 1. From (2) and (9), it follows that

Z ngh Ph 9+
- Z T Py (67) + Z gnPy(67) + Z eqn (k)P (67).
hel, nef, hell,

In addition, based on }_, i Egh (k) = 0, it is available that

O:Zsh

heH,

k)He{Z,(6")}.

Thus, using (45) and (46), condition (26) is written as follows:

_ 1
0> Fy(6,0) +ET | L eqlk {th(9+)+zg(9+)} g,
heE@
where
(11 0 0 o |¥l @, ¢ 0
“rr o 0 n 0 0 )y Ty 0.0
0 1—TeSe(8)1 0 0 |¥5) 0 1 0 TS.(6)Dg(6)
T T TN T T [ @ T ) T 0o
R
Yo0,0)=0, 0 (x) ¥a T%) \P%g)w s T%%
(*): (*) : (%) (%) | ¥y Vi : 0 Yy
G)Lo 0 L) (0| ) Wy 0 Wi
0 , 0 C(x) (%) 0 0 —S54(0) 0
L0 () T ()| (0 (x)! 0 —R+BI
-~ _[0,0, L 0]0O 0,0 O
=~ lo'0or0 L,|0 0'0 0]
in which
¥E = ¥ mal 00+ ¥ waby 01) —He{ul @)},
hEHg he]ﬁ[g
3 = ¥ mapP 00 + ¥ mgh?07) - yu @) - ul(e),
heHg hefg:[g
¥ = ¥ mal 00 + L waby (01) —He{u (0)}
heHyg heHy,

Furthermore, condition (47) holds if it is satisfied that
0> ¥g(6,6) + BT X (67)
X (67) > ) sgh(k)He{

heH,

N = 1

P,(67) + Zg(9+)}.
(i) First, by (37), (38), and

2 0y Zgp,

2 0y Xgp, Zg (67

(45)

(46)

(47)

~

(48)

(49)

(50)
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condition (48) can be rearranged as follows:

0> Z9;(2299Mg(,p1]+2299Mg&]> (51)
p=1

i=1j=1 i=1j=1

where M
€re Meopij

6T € A,, condition (51) is converted into

and Mgy;; are defined in (43) and (44), respectively. Thereupon, owing to

r

.
0>) Y elengﬁpl] + Z Z 0,0 Mgy,

i=1j=1 i=1j=1
r ror
= Z Z 91‘9]‘ (M;qu gﬁl] Z Z 915]Mg&] , Vp €Ny (52)
i=1j=1 i=1j=1

(a)

r—1
Subsequently, from (7), i.e., 6, = — Z 05, it follows that
s=1

r—1 r r
- Z Js Z GngZis —Or Z GngZir Z Js Z 0; ( glir — g(is)-
s=1 i=1 i=1

Thus, noting that
Mggl] = He{R Sggi]‘}, (53)
condition (52) becomes
ror r—1 r
0> 21 21 0:0; (Myy,;; + Mguij) + 21 s 21 6;He{R" (Sgir — Sgris) }- (54)
1= ]: sS= 1=

Moreover, since (39) implies Ngg;s > 0, it holds by (7) that
T T
Heq &R Z 6; (Sgﬁir - Sgﬁis)
i=1
14
< SERT <Z GiNgKis> R
i=1
r
+ <Z 0; (ngir gézs)) (Z 6N, Els) (Z 6; ( glir — gﬂis)) . (55)
i=1

Accordingly, condition (54) is ensured by

ror r—1 r
0> ) 6:8;i(Mf,;; + M) + ; SRT <Z QiNggis> R

i=1j=1 i=1

+7i<iei(sgm gels)> (Ze &s> (Ze(gm gﬁs)>, (56)

s=1 \i=1
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which is transformed by the Schur complement into
r r _2 ;
Z 29 0 Mgépz]+M8[P1]+R Z o5 N, glis R} (*)
P s S N o S L __.
r T
d
291' [Sgeir — Sguis] seN,_ 1291‘ [_Ngfis]seNril
1= 1=
14 14 _
=) ) 00 Mgpis. (57)
i=1j=1

Hence, with the aid of Lemma 1, the relaxed conditions of (57) are given as (39) and (40).
(ii) Next, since (41) implies Yy; > 0, i.e.,

r
Yon(07) = )0, Ygui > 0, (58)
i=1

it holds by (9) that
Lo g+ +
conme] 1@") + 7(0) )
T
<&, Y (67) + (;Ph(9+)+zg(9+)> Yg‘,}(9+)<;1’h(9+)+zg(9+))- (59)

Thus, condition (49) is ensured by

0>—Xg(0%) + 1 e Yen(6")
heHyg

+ ) < P, (67) +Zg(9+)>Tthl(6+)(;Ph(6+)—I—Zg(6+)>. (60)

heH

Hence, by the Schur complement and based on (38), (50), and (58), condition (60) is
transformed into

which is converted into (41) owing to 67 € A,.
(iii) Finally, based on (38), condition (27) is represented as

r

o
0< Zei(Pgi - Ezlwgéwgéi)/ (61)

i=1

which is converted into (42) owing to 6 € A,. O

Remark 5. In this paper, the PLMIs with 6(k) and 6(sp) are transformed into
0 > Yiq Xy 6:6;Myj by using the bounds and zero equality of the error between 6(k) and

0(sp), and setting the replacement variables F;(6) = (3)( 0)F;(0) and G,(0) = éB)(Q)Gg(G)
as (37). Thus, the non-PDC-based PLMIs in Lemma 3 can be also relaxed according to Lemma 1, as
shown in the proof of Theorem 1.

As a by-product of Theorem 1, the following corollary considers a special case where
0(sp) = 0(k) and Hg = Ny, for all g.
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Corollary 1. For given Ty € R™ ™ and Y = [I,, 0] T e R, suppose that there exist a
scalar B > 0 and matrices Fy; € R"™*", G, € R%*M Hy € R=XM, 0 < Sei € R™M,
0 < Py € R™", 0 < Wy € R, Uy € R™™ such that for all g, ¢ € N, LMIs (39), (40),
and (42) hold, where

[ 1 0 1 0 o [¥l ¥ o 0 ]
0 1 —TgSei1 0 0 \Pé}z] 0 1 0  TySuDy
- = — =T 4 = - 92 =
1) @ | gD 12 T T T g
0 | 0 | Yz, ‘Pf(i?))pz T?z;;ij T?4)z | lI’?5)1 T?Gsij
_ 3 3 4 2 2
Mypij=| 00 0 (*) Yo | Yoy Yaui ! Yasi Ve |,
1 2 1
() ) e () [ Y 0 Yig
3 2
L) ) ) ) Y 0 Wi
L0 () P () (%) | (0 (%) 0 —R+pBI
in which
141 QlEgV ‘Y§41 = —Q1Hyj,
(1 _
le241] rgs Cg]’ le33pz Z Teh He{ géz}
®3) @r
33pz anh Yufz ugéz ’ 33p1 2 TTeh He{uﬁ }’
1 _ () 2 _
Yarii = Uggj Agi + YGiiCir Y3y, = YFyi,
) (2) 4 )
lIJ§>4 Jif ugf] 8i + Gf]cgl’ Téé&z - Fh’
(1) 2 _
IF351 - _YG&'/ 1II35i = _Gfi/

(1) _ 570 g2 _ @ <
Y364 = UgeiBgi + YGyiDgi, Wag ;= UgyiBei + GyDgi,

1 2 2 3 3
lPA(M)z = _Wg(el) ’ ‘Pi4)i = _W‘éﬁi)’ ‘I’Lﬁi = _Wg(fi)’
1 2
‘Pé(%)z - E : S IIIié)z g; Hy;S.

Then the filtering error system (10) is stochastically stable and strictly (Q, S, R)-B-dissipative,

1 .
and the fuzzy filter gains are designed as follows: Fy(6) = ( Y 91-112(?)> (Li_1 0iFs), Ge(6) =

(Traou?)

Proof of Corollary 1. Conditions (26) and (27) are represented, respectively, as follows:

zr:1 eiéél) and H[( ) Zl 19H€1

0> 2 9+ (2 Z 0; Gngﬁpij> , (62)

i=1j=1
0< 29( ngg ) (63)

Thus, since # € A, and 87 € A,, conditions (62) and (63) can be converted into
0>y, ):]r 108 Mgyp;j and (42), respectively. Moreover, by Lemma 1, the relaxed form of
0>y, Z] 1 6;0; Mggpz] is given as (39) and (40). O
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4. Ilustrative Examples

In this section, two examples are presented: the first example assumes ﬂg = (ie.,
H, = Ny) and 6(k) = 0 (i.e., 7(sp) = 17(k)) for comparison with previous studies, but the
second example shows our results for the case where the assumptions of the first example
are not enforced.

Example 1 (for ]ﬁl = @and §(k) = 0). Let us consider the following discrete-time FMJS with
n(k) = x3(k) and cp( ) € Ny = {1,2}, used in [34]

A _[045 —0457  _ [036 —025 050 —0.50
=1 080 030 2= 192 o050 |'? 070 050 |
026 —0.35 T
Ay = [_0.25 060 } By = [ —0.03 025 ] =[-005 030]",
T 0.00 1.00
By = [ —0.01 032 ] By =[ —005 022],Cpy = [ 050 —0.40 }
c._[000 100 ] . _[000 100 ] . 0.00 1.00
271030 —010 |7 "7 | 025 —0 20 |""2 7| 015 —0.30
Dy =[000 —030]",Dy =000 —020]",D;,=[ 000 —0.20 ],
Dy =000 —0.10]",E;y =[ 030 —020 ], Eyy = [ 020 —0.20 ],

E;p=[010 050 |, Exp=[ 010 0.50 |,

where the fuzzy basis functions are given as 01 = (—x3(k) +3)/6 and 0 = (x3(k) +3)/6. In
addition, the transition rates and conditional probabilities are given as follows:

(035 065 080 0.20
Mol gneme = | 040 0.60 |* [@stlgren. = | 035 0,65

Tables 1 and 2 show the maximum dissipativity performance levels B for nz € {1,2}
and several I'y, obtained by Theorem 2 in [26] and Corollary 1, where Q=-036,8 = —4,
R = 5. From Tables 1 and 2, it can be found that the dissipativity performance deteriorates
as the event threshold I' increase. Furthermore, Corollary 1 provides better performance
levels than those of Theorem 2 in [26] for all nz € {1,2}. In particular, the effect of
Corollary 1 become more pronounced as the order of the filter increases.

Table 1. Optimal performance g for different I'y and nz = 1.

I diag (0.1, 0.1) diag (0.35, 0.65) diag (0.9, 0.9)
Theorem 2 in [26] 3.3141 3.1997 3.0938
Corollary 1 3.3805 3.2764 3.1147
Table 2. Optimal performance g for different I'y and nz = 2.
Iy diag (0.1, 0.1) diag (0.35, 0.65) diag (0.9, 0.9)
Theorem 2 in [26] 3.8925 3.5095 3.1413

Corollary 1 4.0999 3.5569 3.1782
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Meanwhile, for n; = 2 and Fg = diag(0.35, 0.65), Corollary 1 offers the following

solution:
@ _ [ 137721 50240 ] 3 _ [ 13.0723 4.9320
17| 31813 5.0302 |7 "2 ~ | 3.3418 5.0853 |’
@) _ [ 146432 57884 1 3) _ [ 147605 5.9399
12 7 | 51768 5.4918 |7 22 | 54026 55959 |’
£ _ [ 88882 1.4298 ] [ [ 6.6561 2.8322
W= 40752 16113 |7 2T | 29383 1.9088 |’
5 _ [ 87326 0.1434 ] 5 _ [ 69313 09980
27| 48799 —1.0153 |7 "2~ | 3.8163 —0.5632
oo [ 43448 1.5573 ] - [ 48216 17550
7105914 01853 |7 721 7| 0.6082 0.1530 |’
oo [ 32247 —0.0874 & _ [ 30214 00087
127 | ~1.6541 01556 |7 "2 |~1.7682 0.1553 |’
Hy = [ —05112 01658 |, Hy = [ —0.1319 0.1515 |,
Hyp = [ —0.3456 —0.5585], Hy = [—0.0730 —0.5478],
g _ [ 54375 18216  _ [31831 13284
W=118216 1.1400 |” 72!~ | 13284 1.3574 |
g _ [ 48704 00116 [ 82628 7.8567
1271 00116 03598 | °2 ~ | 7.8567 12.9362 |

According to the event-triggered scheme, Figure 2a shows the instance when the event
generator outputs an ENT signal to the transmitter, then the measured output signal y (k)
and evolution of system mode ¢ (k) are transmitted to the filter, which are displayed in
Figure 2b and 2c, respectively. Especially, since matched error §(k) = 0, FBF module
constructs the event-triggered fuzzy basis functions 6; from the measured output y(k).
Based on the obtained non-PDC fuzzy filter gains, Figure 3a,b show the response of z(k),
Z(k), and z(k) for x(0) = [—0.8, —0.7], w(k) = 0; and Figure 3c,d show the response of
z(k), z2(k), and z(k) for x(0) = 0, w(k) = 0.5 (for 20 < k < 25), and w(k) = 0 (elsewhere).
As a result, from Figure 3b, it can be found that the filtering errors converge to zero as
time increases, and from Figure 3d, it can be verified that the dissipativity performance

B = 3.5569 in Table 2 holds because Zl?:o w

(k)/BLi_ollw(k)||? > 11is satisfied.
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W i

(o] 2‘3 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 50
time (k)
Figure 2. Event-triggered transmission: (a) the release instance and interval, (b) measured output
y(k) and y(sp), and (c) evolution of (k) and ¢(sp).

a b
0.2 @ 02 (b) ‘
— (k) —2(k)
0-17 E'E. ""2(1{) 7 0.1’
0 [ 0
0.1 L 011
02F 021
03 s s s s 03 s s s s
0 10 20 30 40 50 0 10 20 30 40 50
time (k) time (k)
(c) (d)
004 05 = I " 4
—z(k) I
0.02| i) | — (k)
002f P
-004 B kY
I I I I 051 | I | |
0 10 20 30 40 50 0 10 20 30 40 50
time (k) time (k)

Figure 3. Filter response: (a,b) z(k), Z(k), and z(k) for x(0) # 0 and w(k) = 0; and (c,d) z(k), Z(k),
and z(k) for x(0) = 0 and w(k) # 0.
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Example 2 (for ﬁg # @ and §(k) # 0). Let us consider a tunnel diode circuit system expressed
as FMJS with ¢(k) € Ny = {1,2}, adopted in [34]:

{—0.0180 0.8100 —0.0200 0.9800]
{ 0.9034 0.8617] 0.9080 1.0000]

T
[ ]

—0.0172 0.8103 —0.0200 0.9800 |’

0.0093 00181 ],
0.0091 0.0181 ],

0.0000  0.0200
— [ 00000 0.0200 ]",

7

0.9987 0.9024 ] { 0.9980 1.0000
A1 ’ =
A
B = [
By = [

Ao
, A
By
Bx»

1.0 0.0 T
c(_%,,»_[o.3 o ] Dy=10 115 Eg=[10 —05],

where the fuzzy basis functions are given as

(34 x1(k))/3, —3<x(k)<0
01 =14 (B—x1(k))/3, 0<x(k)<3,6,=1-06.
0, elsewhere

In addition, the transition rates are given as follows:

_ 06 04 | |
gl grers, = [ 07 03 } Con =01, Vg, h € Nag
which means that H, = @, ]ﬁll ={1,2}, H, = @, and }ﬁIZ = {1,2}. Furthermore, to obtain the
simulation results for both synchronous and asynchronous cases, the conditional probabilities are
established as follows:

Case 1 : [@gy] 1000 },

gleNy — { 00 1.0

08 0.2
Case 2 : [(Dgf]g,keNa = { 03 07 }

For I'y = diag(0.35,0.65) and nz = 2, Table 3 shows the maximum dissipativity
performance level j for several J;, obtained by Theorem 1, where Q = —04, $ = —1,
R = 5. From Table 3, it can be found that (1) the dissipativity performance deteriorates as
the mismatch threshold §; increase, (2) the synchronous case offers better performance than
the asynchronous case.

Table 3. Comparison of dissipativity performance g for different §;.

B 5; = 0 (Matched) 5 =02 5i=1

Case 1 (synchronous) 3.3799 3.3297 3.3073
Case 2 (asynchronous) 3.2309 3.2130 3.2119
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Meanwhile, for Case 2 and &; = 0.2, Theorem 1 offers the following solution:

y®_ [ 29531 41588 ] ) _ [ 29648 44021
17 | 39154 305.9807 = | 39404 299.7105

29524  4.6780
~ | 42959 297.0513

[ 19449 46970
21 = | 37557 2725151

{ 1.8759  4.9323 }
22 =
4

u® 29255 4.3274
12 71 43018 297.8675

9 [ 1.2050 4.2356 ]
F1=

C

7

—3.4986 266.3810

po_ [ 12157 45272
127 1_38214 258.9970

—1.3113 -0.8770
0.9965 —4.7163 —0.3818 —4.5004

{1.2679 0.8848% 05171 —0.9728
[ ]
{[ ]

C

7

—3.6577 267.9507
—0.4479 —-1.019

Q)

Gn 21 =

7

(X

7

13973 —2.4358 |, Hyy ~1.3395 —3.4061
~1.3948 23703 |, Hyp = [ —1.3452 —3.6414

11241 02488 ] o _ [ 03028 0.1642
0.2488 0.7182 |72~ | 0.1642 0.9900

. _ [ 11848 05140 ] o [ 08841 0269
1271 05140 0.7407 |”°%* ~ | 02696 0.8175

7

2.0525 —4.3402 22:{ —0.4959 —4.8694 ]
= ]
]

7

According to the event-triggered scheme, Figure 4a shows the instance when the event
generator outputs an ENT signal to the transmitter, then the measured output signal y (k)
and evolution of system mode ¢ (k) are transmitted to the filter, which are displayed in
Figure 4b and 4c, respectively. From the transmitted output y(s,), FBF module constructs
the event-triggered fuzzy basis functions 6;, which are shown in Figure 5a,b, and the
dynamic behavior of §; = ; — 0; are presented in Figure 5c. Based on the obtained
non-PDC fuzzy filter gains, Figure 6a,b show the response of z(k), Z(k), and z(k) for
x(0) = [-0.9, 0.3], w(k) = 0; and Figure 6¢,d show the response of z(k), Z(k), and z(k)
for zero initial x(0) = 0, w(k) = —0.5 x rand[0, 1] (for 1 < k < 10), w(k) = 0.5 X
rand[0, 1] (for 11 < k < 20), and w(k) = 0 (elsewhere). As a result, from Figure 6b, it can
be found that the filtering errors converge to zero as time increases, and from Figure 6d,
it can be seen that the dissipativity performance § = 3.2130 in Table 3 holds because
YL oW(k)/BYLE,llw(k)||? > 1is satisfied. Not only that, it can be verified from Figure 5¢
that §; satisfies |6;| < 0.1512 < §; = 0.2, fori € N,.
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2 (a)

15

10

0 50 100 150

release instance (k)

1 (b)

=0 release interval

0 50 100 150

time (k)

(c)

time (k)

Figure 4. Event-triggered transmission: (a) the release instance and interval, (b) measured output

y(k) and y(sp), and (c) evolution of ¢(k) and ¢(sp).

-0.2

(a)

time (k)

(b)
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Figure 5. FBF module: (a,b) fuzzy-basis functions 6 and 6, and (c) fuzzy basis function error é.
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Figure 6. Filter response: (a,b) z(k),

z

(k), and z(k) for x(0) # 0 and w(k) = 0; and (c,d) z(k), Z(k),

and z(k) for x(0) = 0 and w(k) # 0.

5. Concluding Remarks

In this paper, we have studied the event-triggered dissipative filtering problem of
nonhomogeneous FMJSs against asynchronous modes and mismatched premise vari-
ables. To sum up, the proposed method makes significant progress in improving the filter
performance (i) by using a non-PDC scheme for the construction of asynchronous mode-
dependent fuzzy filter gains, (ii) by making the event generation function dependent on
fuzzy basis functions, and (iii) by implementing a relaxation processes that takes advantage
of stringent constraints on time-varying paraemters.
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