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Adaptive Memory-Event-Triggered Static Output
Control of T-=S Fuzzy Wind Turbine Systems

Shen Yan", Zhou Gu

Abstract—This article studies the weighted memory-event-
triggered H, static output control issue of Takagi—-Sugeno fuzzy
wind turbine systems with uncertainty. To decrease the frequency
of data communication, a novel adaptive memory-event-triggered
mechanism is presented to choose the ‘“necessary” control signals,
which has the following two benefits. First, a weighted average sig-
nal over a historic period is utilized as the input of event-triggered
scheme, instead of the current system information in the conven-
tional one. This could reduce the control signal updating rate and
avoid the false triggering events incurred by stochastic environment
noises and disturbances. Second, a dynamic triggering threshold
is adopted to adaptively regulate the control signal updating fre-
quency along with the average signal. By applying the distributed
delay system method to describe the weighted historic signal, a new
uncertain T-S fuzzy wind turbine system with distributed delay is
established. With the aid of the measured outputs and the integral
inequality based on the weighting function of the average signal, the
memory-event-triggered static output controller design conditions
are obtained to ensure the system exponential stability and the H .
performance. Lastly, an experiment platform integrating Zigbee
modules as the wireless network is set up to illustrate the advantages
of the proposed strategy.

Index Terms—Distributed delay system, memory-event-
triggered mechanism (ETM), static output control, Takagi—-Sugeno
(T=S) fuzzy system, wind turbine system (WTS).

I. INTRODUCTION

ECENTLY, due to the international consensus of the
low-carbon economy, the development and utilization of
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wind energy, a representative type of renewable clean energy,
has attracted more and more attention and interest from global
researchers [1]-[4]. Compared with traditional fossil energy and
nuclear energy, wind energy is of higher efficiency and lower
cost, which motivates the investigations for the stabilization
problems of wind turbine systems (WTSs) [5]-[7]. Among var-
ious types of wind turbines, permanent magnetic synchronous
generator (PMSG) is the widely used one owing to the merits,
such as direct drive, slow rotation speed, and low maintenance
cost.

However, the model of WTS with PMSG usually has non-
linearities, which is difficult to be handled in system stability
analysis and control synthesis. As a powerful tool to deal with
nonlinearities, Takagi—Sugeno (T-S) fuzzy method is effective
to transform the nonlinear systems into a set of linear subsystems
with appropriate membership functions. Regarding this topic,
fruitful interesting outcomes about T-S fuzzy WTS have been
derived (see [6], [8]-[10], and the references therein). Specif-
ically, in [6], the sampled-data control issue for WTSs with
actuator faults is addressed, where a series of linear subsystems
is used to model the nonlinear dynamics of PMSG via the
T-S fuzzy method. Hwang et al. [8] studied the disturbance
observer-based sliding mode control problem for T-S fuzzy
systems and its application to WTSs with a nonlinear PMSG.
For a PMSG-based WTS, a T-S fractional-order fuzzy logic
controller is designed in [9] to guarantee the system stability. It
is noted that the abovementioned results are mostly dependent
on the fact that all system states are measurable, which is a
strong constraint for its application in real WTSs. To solve this
problem, an observer is utilized in [10] to estimate the state,
and the impulsive output controller is developed for T-S fuzzy
PMSG-based WTSs. Different from the observer-based output
control scheme, static output control is easier for executing in
practical applications. In addition, it needs to be noted that since
wind and moisture erosion, device aging, the system compo-
nents will be unavoidably with uncertainties, which may lead
to negative effect on control performance even deteriorate the
system stability. Therefore, it is essential to investigate the static
output control issue for uncertain T-S fuzzy WTSs.

On the other hand, as the popularization of communication
technology and its applications in industry systems, networked
control problem has become an interesting direction for WTSs,
and some results can be found in [11]-[13]. For the abovemen-
tioned networked control strategies, the data are exchanged over
the network channel with a time-triggered paradigm. Under such
communication scheme, network congestion is highly possible
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to occur when the system scale increases and many redundant
packets are released. Thus, an effective communication scheme
is required for WTSs to reduce the data transmission frequency
and save the precious network resource. Over the past decade,
the event-triggered mechanism (ETM) has been considered as an
alternative manner to time-triggered paradigm [14]-[21]. Due
to the aperiodic way to transmit the signal in some designed
instants, the event-triggered control issues of WTSs have been
investigated in [22] and [23]. For a fuzzy PMSG-based wind
energy conversion systems with back to back converter, Prakash
and Joo [22] designed an event-triggered controller for reducing
the unnecessary communications and the data dropouts. The
event-triggered reliable control problem for T-S fuzzy WTS
with transmission delays is addressed in [23]. It is worth noting
that the environment noises, abrupt disturbances, and uncer-
tainties are inevitable for real systems. These phenomena may
cause stochastic changes of system dynamics, and further lead
to redundant and false triggers under the ETMs only with instan-
taneous system information in [22]. Mousavi and Marquez [24]
provided an integral-based ETM with the average signal over
a time interval to suppress the effect of measurement noises.
In [25], an integral-event-triggered scheme utilizing the historic
system states is presented to develop an event-triggered H, con-
troller for T=S fuzzy systems. The same weight is used to match
the past information of ETMs in [24] and [25], while it is more
practical and logical to choose a variable weighting function
for different states. Moreover, the amount of event-triggers is
affected by the triggering thresholds. Most of them in the above-
mentioned ETMs are constant and cannot be adjusted dynami-
cally to the system dynamics. For T-S fuzzy uncertain WTSs,
fewer studies have been conducted for the adaptive memory-
event-triggered H , static output control problem with a variable
weighting function and a dynamic triggering threshold.

In light of the aforementioned observations, the contributions

of this article are as follows.

1) The historic system outputs with a variable weighting
function is used to design a novel adaptive weighted
METM, where a sleep period is introduced to exclude
accumulation triggers. Compared with the normal switch-
ing ETM [15], the weighted METM is beneficial to
reduce more redundant and false triggers induced by
high-frequency noises and disturbances. Meanwhile, an
adaptive law related with the weighted historic system
outputs is constructed to adapt the triggering threshold
dynamically.

2) The weighted memory-event-triggered static output con-
trol WTS with nonlinearity and uncertainty under is mod-
eled by a new switched T-S fuzzy uncertain system. One
subsystem is denoted by an interval time-varying delay
system over the sleep interval. The other subsystem is
described via a T-S fuzzy uncertain distributed delay
system, in which the weighting function is treated as the
distributed delay kernel.

3) Different from the integral inequality related with Leg-
endre polynomials to approximate the distributed delay
with kernel in [29], applying the integral inequality using
the kernel directly can avoid approximation error, and
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obtain less conservative event-triggered H,, static out-
put controller design conditions for PMSG-based WTSs.
Moreover, a real wireless network with ZigBee modules
is built up to transmit control signals and the effectiveness
of the proposed approach is tested on this experimental
setup.

The rest of this article is structured as follows. Section II
presents the preliminaries of the investigated issue. In Section I1I,
the stability and synthesis criteria of the considered WTSs are
derived. In Section IV, the simulation results are executed.
Finally, Section V concludes this article.

Notation: In this article, YT means the transpose of a matrix
or vector Y, b(X,Y) and #(X) stand for Y7 XY and XT + X,
respectively, and ® means Kronecker product.

II. PRELIMINARIES

This section gives a WTS with a nonlinear PMSG modeled
by a T-S fuzzy system. A brief framework of the PMSG-based
WTS is shown in Fig. 1.

A. Wind Turbine Aerodynamic Torque

According to aerodynamics, the power extracted from the
wind is represented as

P, = %ﬁWRQ(Cp(a(t),B)vi}(t) )

where ¥, R, and v,,(t) represent the air density, blade length,
wind speed, respectively, the power coefficient is denoted by
Cp(a(t), B),inwhich a(t) = v (t)R /v, (t) means the tip speed
ratio, 3 is the pitch angle, and v:(¢) stands for the turbine
rotational speed. Based on [26], we have

p ’ == U. ai(t) .
where
L 1 0.035

a:(t)  a(t)+0.088 M1
To derive the optimal energy, the optimum value of
Cpmax(a(t), ) is considered for wind turbine by taking c(t) =
Qopt(t). The aerodynamic torque is obtained as
Cy(alt), BB, (1)

S 20(1) @

Ton (1)

B. T=S Fuzzy Model of PMSG-Based WTS

In terms of [27], the dynamics of PMSG with uncertainty and
wind turbine are described as follows:
Va(t) = (Rs + AR)ig(t) + Lg%e®
- U’e(t)Lqiq )+ flUf(t)
Vy(t) = (Ro + AR)ig(t) + L, 248
+we(t)Qf + f2Uy(2)
tng(t) = § (Te(t) = T () — pwgy(t)) + f3Us (1)
Te (t) = Pniq (t)Qf

(t
(t

3

N ey
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Fig. 1. Structure of PMSG-based WTS with an adaptive METM.

where P, means the number of poles, w, (t) represents the rotor
speed, Ry and AR are the stator resistance and its uncertainty,
respectively, Ly and L, stand for the stator inductance on the
d—q axis, Q y means the magnetic flux of the permanent magnet,
Te(t) is the generator torque, w.(t) = Prwy(t), Us(t) is the
external disturbance, and J and p are the moment of inertia and
the friction coefficient, respectively.

Then, by  selecting  x(t) = [x1(t) 22(t) 23(2)]" =
[10g (£) iq (1) ia(D)] . g(t) = [y (£) ig(8)]T. and w(t) = Uy (1)
as the state, output, and external disturbance, respectively, the
state-space model of WTS can be established as

B(t) = (A + A)x(t) + Bu(t) + Fo ()
g(t) = (1) 4
z(t) = H(t)

where z(t) denotes the controlled output, the controller is rep-
resented by u(t) = [V, (t) V4(t)]". Then, the system matrices
are formulated as

—p+ Towg (t) 3]P’an 0
J 2J
B ]Lq ]Lq ]Lq
0 Prwg (t)Lg Ry
Lq Lg
AR
N R 2t 0 0 d 0
AA=9D,ARD,, AR=| ¢ % , Do 0 0 d]
0 0 0 0
1 0 1 0 i
% =|"T, c3=|T, Y|, 5=k
1 1
Ly Ly
10 0 CymaxVTR®
C=9H= , o= pgi
010 205, (1)

where d is the upper bound of the uncertainty AR (|AR]| < d).
ALl is assumed to satisfy the following norm-bound condi-
tion [31]:

AA+AAT < DD + 171D D, &)
where v > 0and ARTAR < I.
In order to obtain the stability condition of nonlinear system
(4), the T-S fuzzy method is used to describe it as follows.
Plant Rule i: TF wy(t) is ¥;, THEN

#(t) = (U; + AA)z(t) + Bu(t) + Foo(t)

g(t) = Cx(t) (6)
z(t) = Hx(t)
where wg(t) = xl(t) € [Il min L1 max} = [Dl DQ] is the

premise variable, ¢)7 (s = 1,...,p) means the fuzzy set for ith
rule (¢ =1,...,q9), p =1 and g = 2 are the number of premise
variables and fuzzy rules, respectively, and

[ — p+ Ty, QPan 0
J 2J
2, — Pn@f R, P,DLg
L, L, = L,
. P.DiL, R,
L Lq Lo
—p+TeDy 2P, Qy 0 1
J 2J
Pan Rs ]PnDQ]Ld
A= | — L
L, L L,
. P,D,L, R,
L Laq Lg

Then, the uncertain T-S fuzzy WTS with PMSG is represented
by

&(t) = é@i(t) (R + ARA)x(t) + Bu(t) + Fw(t)) -
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where 6;(t) denotes the normalized membership function, and
satisfies

- DQ — xl(t) o
61(t) = =B 0a(t) = 1= 1)
2
Zel(t) =1, 1‘1(t> = gl(t)Dl + 6‘2(75)]1])2.

Remark 1: Since temperature changes, device aging, the val-
ues of system components could be with uncertainties. In (3),
the uncertainty of stator resistance is considered in the system
modeling. Thus, a more general uncertain T-S fuzzy WTS is
established than the existing models in [5], [6], [22], and [23].

C. Adaptive Weighted METM

To release the network transmission burden, an adaptive
METM with a variable weighting function is constructed to
determine a new triggering time of control signal, which is given
as

lpt1 = mtin {t > tx +nlo(t) > 0} ®)

where (1) = e'(t)Qe(t) — a()g" ()29 (1),  g"(t) =
SO w(s)g(t +s)ds, () = g*(t) — g(tr) = [, w(s)g(t+
s)ds — g(tg), tr and tgy1 are the latest and next triggering
times, respectively, 2 > 0, n > 0 is the sleep interval, and
A > 0 denotes the period of past outputs. o(t) € [0y, o]
O<o, <opm<1 is an adaptive triggering threshold
governed by the regulating rule

ot) =om (1 _ e*Hg*(t)H) + ope 1 @I 9)

The weighting function, w(s), is utilized to describe the
weights of historic outputs at different times, and is supposed to
meet fi w(s)ds = 1.

Remark 2: From the definition of g*(¢) in (8), it is observed
that the output error e(t) is different from the error g(¢) — g(tx)
in some conventional ETMs. In (8), the weighted mean of
historic outputs over time interval [t — A, t], g*(¢), is utilized
to replace g(t). With this treatment, the presented METM is
useful for decrease the redundant and false triggers induced
by disturbances or noises with high frequency. In addition, the
weighting function w(s) is usually chosen as an increasing
function over s € [t — A, t]. For instance, in the simulation
section, w(s) = g-cos(g;s) for s € [t — A, ] is considered as
the weighting function, which implies that the weight of the
output g(¢ + s) increases from the past time ¢ — A to the current
time ¢.

Remark 3: The adaptive triggering threshold o (¢) in (8) is
dependent on the weighted mean of historic outputs g*(¢). To
be specific, o (t) increases as the decrease of the value of ||g* (¢)||.
The motivation of the adaptive law is that more signals should be
released to improve the control performance when ¢g* (¢) deviates
from the steady state, while fewer signals is required if ¢g*(¢)
is close to the equilibrium point. Compared with the existing
ETMs with constant thresholds, the adaptive METM (8) is able
to adjust the number of triggering events dynamically according
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to the requirement of system performance, which means it is
more applicable for practical systems.

Remark4: Wheno,, = oy and A — 0, the proposed METM
(8) reduces to the switching ETM in [15]. In addition, if
om =0, w(s) =1, and n =0, METM (8) equals to the
integral-based ETM in [25]. These indicate that the proposed
METM covers some existing ETMs as special cases. Moreover,
a positive time period 7 is added after each triggering event in the
METM, which is the lower bound of interevent interval. Thus,
Zeno behavior is avoided.

By considering the triggering condition (8), the robust T-S
fuzzy event-triggered controller is formed as

q

u(t) = 0;(tk)Rg(tx)

=1
> 958, €a(t — (1), eTh
e
zq: ﬁ?ﬁj (Cfg\ w(s)x(t—l—s)ds—e(t)) ., teTs
=1
(10)

where 7)(t) £t —t, € [0, n]fort € Ty = [ty, tp+n), T2 =
[tk +n, tk+1), and T = T UTs.

For the simplification of expression, 6;(t) and 9, (¢, ) are writ-
ten as 0; and 19;? in the following part, respectively. In addition,
the same assumption 9% — p;6; > 0 with [8] is introduced.

Defining

0
W, (1) = [ W(sha(t+ s)ds. W) = w(e) &

w(s) = [wo(s); wi(s);.. . ;we(s)], w(s) =wo(s)

I = [I5 033 | (11)

one obtains

/O w(s)a(t + s)ds = 7 W, (¢) (12)

A
where w;(s) is independent element, w(s) satisfies w(s) =
Waw(s), and W is the coefficient matrix.

By combing (10), (12), and (4), the event-triggered WTS is
obtained as

2 2
a(t) =Y 3 00 [(A; + AA)a(t) + Py + Fwo(t)], teT
i=1j=1
(13)

where

_BRCx(t—n(t)), teTh, =1
B =\ BR; (CIW, (1) — et), t€To 1=2"

This work aims to solve the controller gains in (10) such that
the following hold.
1) The uncertain T-S fuzzy WTS (13) is exponentially stable
for w(t) = 0.
2) The Hy level [[°z"(t)z(t)dt<~? [ @' (t)w(t)dt is
guaranteed with a scalar v > 0 for w(t) # 0 and z(0) =
0.
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Before further proceeding, we produce the following lemma.
[28] For the vector w(s) defined in (11) and the

Lemma 1:
matrix 3t > 0, one can get

A

where U1 = [* w(s)w’ (s)ds.

III. MAIN RESULTS

In this section, the criterions are first established in Theorem
1 for guaranteeing the H stability of system (13). Then, we
will design the controller gains in (10) and the triggering matrix

in (8) based on the criterions in Theorem 2.

For facilitating the derivations of the main results, we define

03,3(a-1) I3 03,8(6+n—a)+3} ,a=1,...,6+k
Ja =4 |Ons4m) 1 01,2} ; a=T+k
02,3(6+r)+1 12} ) a=8+kK
03,3(a-1) I3 0373(5+,<,_a)+5} ,a=1,...,5+k
52 8 _02,3(5+n) I, 0273] , a=6+k
O136+4+m+2 1 01,2} ) a=7+k
02,3(541)+3 -72} ) a=8+k

Theorem 1: For given positive scalars p;, opr, 1, A, y, and v,
the uncertain T-S fuzzy system (13) under the adaptive weighted
METM (8) is exponentially stable, satisfying the decay rate ¢
and H, level , if there exist symmetric matrices ¥, J¢; > 0

(1 =2,3,4,5), Rs > 0, and matrices Ay, f;, and X such that

R >0 (15)
0 (Zii; + (X AATL) — Ay) <0 (16)
Pi(Zii + H(XAATE) — Ayy) + Ay < 0 (17)

0 (Zuij + (X AATL) — Ay) + Ay

+pi(Ziji + (X AATE) — A) + Ay <0 (i< ) (18)

forl =1, 2, where

_ A — A
e 261 A A 2§77

e Tle
Ry = Ry + diag{0, 1. (V@ Rg)}, W=W®Is
By = + 4(X1815), X1 = (XTI} +pX33)"
I = §(9 R19) + 26b(Ry, MMy)
+ (3L €T — %b(é&, Iy) + £

61@' =2

J gt
My = | 22], M = ! .
' H ' [W(O)@l — W(=2)3} - mJ

35+ BRI, +FIr,, — IT]

/0 2" (s)Rz(s)ds > b(¥ @ R, W, (t)) (14)

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 30, NO. 9, SEPTEMBER 2022

51— ) L — -0 & M U

A . ) 1 — jé—j:]g', 5 — UT §R5
J5+K

F'=diag{Fi,F3,F3FiF350,—1,—1I}

F%:nﬂ%g) F%:%Q'i_%g‘f')\.%zl

FB__ne%% F4—_)L§R37 F5 (‘I’®%4)

Eoij = g + §(X2B95)

I, = ﬁ(gﬁg%lmg) + 2§9ﬁ—2r§R19ﬁ2
+ 03, €5) — (0%, 1) + 7

Xo= (X2 4+ X327, I, = [’35—33]

Goyy= (A; + AA)I3+BKR;€T2—BR, 0%, +5I7,,.— 177

J3 i
My = N —
’ H 2T W) - W(-1)TF - Wﬁ%}
2o T
Ji = [3? 35+ni|
F2:diag{F%,F;F%,Fi,Fg,—Q 7'72-[ —I}
Fl F11F2 F27F3 F37F4 F4

F2= =0 (¥ @R+ oad(Q,€5).

x(t)

Proof: We define £(t) = W, (1)|

and choose the following

Lyapunov—Krasovskii functional (LKF):

V(t) =€ (H)RER) + / t DT (s)Row(s)ds
+ / t XL (8)[Rs 4 (s — t + A)Ry]x(s)ds

0 t
+ / / X057 (5)Rsd(s)dsdy. (19)
-n Jt+v

Adopting Lemma 1 to cope with [, €?("Db(R3, 2:(s))ds,

gives

t
/ e Db (Ry, 2(s))ds > Aeb(¥ @ Ry, W, (1), (20)
t—X

According to (19) and (20), it yields

0
V(O 250 60) + [ hRaalt+ 5)ds
-n
0
+reb (T @ R, Wr(t))*i’/ 2 ((s4+1) Ry, 2(t+5))ds
A
0 t
255 T ($)Rsd:(s)dsdv. 21
+/n/t+ve &' (s)Rsd(s)dsdv (21
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Therefore, V (t) > 0 is guaranteed by o > 0, Ry > 0, R; >
0.
Then, we calculate V(t) as
V(t) + 25V (t) £ V(1) (22)
where
V(t) = £ (H)RE(E) + 26D(R1, £(2))

+ bRy + Ry + ARy, (1)) — b(neRa, 2(t — 1))

/bm, (t + 5))ds

/ b(Rs, 2(t + ))ds

The system (13) is guaranteed to be H,, exponentially stable
once the following inequality holds:
Tt Z2V(t)+z" (1)z(t)—7*w ' (t)w(t) < 0.

The integral term —A. fg\ b(R4,z(t + s))ds in (23) can be
relaxed via Lemma 1 as

— b (R,

+ 77b §R5,
(23)

0
—xe/ o(Ray 2t + ))ds < —Aob(T @ Ra, Wy (1)), (24)
)

Next, two cases are taken into consideration.
Case I (t € T1): The system (13) is formulated as

= i 91-19? (A +A0)z(t)+BR; Ca(t — n(t))+Fw(t))].

j=1
(25)
Therefore, we can express the system (25) as
q
ZZM Giixi(t) =0 (26)
where x{ (1) 2 [2T(t) 27(t) 2" (t—n) = (t — 1)
W, () a"(t—n(t) @' (t) =" ()
According to the property w(s) = Waw(s), it yields
W, (t) = W(0)a(t) — W(=N)a(t — 1) — WW,(t). (27)
Then, one can denote &(t) and £(t) by
() = Mixa(t), €(t)=MNxa(t). (28)

From R5 >0 and adoptlng the reciprocally convex
lemma [30] to treat 77@f b(R5, x(t + s))ds, it leads to

0
e / (s, alt + ))ds < =TI Rall (). (29)

By combing (23), (24), (28), and (29), one can derive
X1 (M (t) < 0.
= X3} + uX732, we have

(30)
Based on (25) and choosing X;

9 4
DD 005X ()

i=1 j=1

(.’{161ij)xl(t) < 0. 31

3899

Computing the sum of (30) and (31), yields

q q
DD 005X (8)(Buj + (X AATY))xa(H) <0 (32)

=1 j=

where E.Mj =1 + ﬁ(%leﬁm)
Employing the assumption 19;? — pjf; > 0in [8] to deal with
the problem of membership function mismatch, one obtains

>

i=1

=

)(Euj + B(X1 AATZ))x1 (1)

MQ

9219 Xl
1

<.
I

q
Zez JXl )pi (EriHH(XAATS —A)+Auxa(t)

Jj=1

+

- 1

ZG 9]X1 PJ Eij + ﬁ(:{IAsz Ali)
1<j

—

+ pi(B1ji + (X1 AATS — Avj) + Mgy + Agj)xa(B).

In terms of (16)—(18) with [ = 1, the right-hand side of (33)
is ensured to be negative, which implies 7 (¢) < 0.
Case Il (t € T3): The system (13) is formed as

(33)

f:ez 98 (A, + AA) (1)

j=1

+BR,; (CI W, (t) —e(t)) + Fw(t)]. 34
Based on the form in (34), one has
a4
DD 0 Baixa(t) =0 (35)
i=1j=1
with x5 (t) = [27(t) 2" (t) = (t—n) ='(t—2)
W () e'(t) = () 2 )
In terms of (27), it gives
§(t) = Maxa(t), £(t) =Maxal(t). (36)
With the aid of Jensen inequality and Rs >0,
—7e f b(Rs5, z(t + s))ds is relaxed as
e [ 60+ 90 < TN R 1) )
-n
According  to  z*(t) = IW,(t) = TZxa(t), e(t) =
J&4xX2(t), and the triggering rule (8), it results in
b(oa s €TQES TExa (1)) —b(, T5, . x2(t))
> 5(a(t)2 " (1)) = Qs e(t)) > 0. (39)
By integrating (24) and (36)—(38), it yields
Xs (t)T2x2(t) < 0. (39

From (34) and the selection of X9

q q
>N 0k (1)

i=1 j=1

= X731 + uX732, one gets

)E(X2B2:5)x2(t) < 0. (40)
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Summing (39) and (40), we obtain

0:9% x5 (£)(Eai; + (X2 AT3) x2(t) < 0
1

(41)

q

i=1j

where Egij =1l + ﬂ(%g@zw)

By taking the same method in the abovementioned case, it
leads to 7 (t) < O for this case.

In terms of the abovementioned two cases, the following
condition is achieved:

V(t) < =z"(t)z(t) + v*w (Hw(t). (42)

From (42), we derive
V(s0) — V(0) < /0 T (e Om () — 2T (©)(1) d. @3)

If w(t) = 0, it is easy to obtain V(t) < 0 from (23), which
denotes the system (13) is exponentially stable with a decay rate
¢. If w(t) # 0 and z(0) = 0, it follows that [J* 2" (t)z(t))dt <
72 [° @ (t)w(t)dt from (43). These finish the proof. |

Remark 5: In [29], Legendre polynomials are utilized to
approach the distributed delay kernel w(s), which could lead
to approximation error and design conservativeness. In contrast
to this treatment, a less conservative Lemma 1 proposed in [28]
is applied to deal with the distributed delay term, which removes
the approximation error. Moreover, Lemma 1 includes the inte-
gral inequality in [29] as a particular case by choosing w(s) as
Legendre polynomials.

Here, we are in place to solve the event-triggered controller
design conditions given in Theorem 2.

Theorem 2: For given positive scalars p;, oar, 1, A, y, and v,
the uncertain T-S fuzzy system (13) under the adaptive weighted
WMETM (8) is exponentially stable, satisfying the decay rate ¢
and H, level v, if there exist symmetric matrices §f€1, ﬁ%i >0
(i =2,3,4,5), R5 > 0, and matrices f&li, £, and M such that

§}~f1 >0 (44)
_pj(élij - Ali) * *
v(X/D1)" vl x| <0 (45)
| D2MT 0 —vl
_pi(ém - Ali) + Ay * *
v(X[ D)7 —vl x| <0 (46)
Dy M7, 0 —vl
[ Oyij * * * *
v(X[0)T vl x * *
Dy M7, 0 —vl * x | <0 47)
(/D)7 0 0 —uvl =
| DM 0 0 0 —vI
61
“l<o (48)
Y&e—-e¢M -1

forl =1, 2, where

O = pj(Euij — Mii) + pi(Zi5i — Aiy) + Aii + Ay

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 30, NO. 9, SEPTEMBER 2022

§}~%1 = 5?1 + dlag{O, )»e(\If ® 3}3)}

1ij = I + ﬂ(-%lélij)

H1 = ﬁ(i)ﬁf@l‘ﬁl) + 2gb(§%1,fml)
+8(34, ,€MTL) — %b(?fes, L)+ F!

R U

0T

X1=01+p3y), Rs=

—~

Gy = WMIL + BL;CTL,, +FIL,, — MI}

F'=diag{Fi,F3,F5 Fi,F30s,Fr —1I}
Fl=nRs, FL=Ro, F}=RNg+1Ry— 10
Fl= —acRy Fl=—1(ToR)
2ij = o + §(X282;5), X = (37 + 33)"
Iy = §(90 R1NMo) + 2905 Ry M,
+ (32, MI2) — %b(éfes, Io) + £

Gos; = A MIZ + BL;ET2 —

F?=diag{F3 F3,F3,F3,F2,F3F3 -1}

%Ejjg+n + %ﬂngrn - Mj%

Fi=Fl F3=Fh F3=Fb Fi=1)
F2= —2(U@Ry) +omb(Q,€9), [§=-Q
Then, the fuzzy controller parameters are derived by R; =
ijil.

Proof: Define M = X 1, %; = MRM (i =2,...,5),Q =
YQV, B = L1 @ MR (Lp1 @ M), YE=CM, and
£,€=RK;CM.

Applying (5) to (16) with [ = 1, we have

p;(Erij — M) +vE{D1(X] D1) " +v7 1 (D233) D575 <0.

(49)
According to the Schur complement, one can obtain
pi(Erij —Au) o+ x
v(X{D)" —vl x| <O0. (50)
@23% 0 —vl

Multiplying both left- and right-hands of (16) by M =
diag{ M, M, M, M, I3 & M,M,I,I,I,I,I}" and M, one

Mll

has

pj(Erij — Ari) = *

v(x]D)"  —uvl x| <0 (51)
Dy M3} 0 —vI
where Ali = MIlAliMll-
Following the similar way and choosing M =

diag{ M, M, M, M, I, .1 ® M,Y,I,I,1,I}", (46) and (47)
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Computer

Fig. 2. Experiment setup.

can be achieved. By choosing M = diag{M, I, @ M},
(44) is derived.

Itis noted that Y'¢ = €M has no feasible solution, because it
is not a strict inequality. Then, the issue of dealing with the
nonlinear term X T%ﬁjﬂf in Theorem 1 can be treated as a
W -problem [32].

Based on Y€ = €M, we obtain

(YC—eM) (Y& - ¢M) =0. (52)

Adopting Schur complement to (52), it is further transformed

as the following optimization problem:

—ol * 1 <0 (53)

YE—-C¢M -1

which is equivalent to the condition (48) with a sufficient small
scalar 9 > 0.

Therefore, the proof is completed. |

Remark 6: The derived conditions in Theorem 2 are solved
by LMI toolbox in MATLAB. The computation complexity of
solving these conditions mainly relies on the size of Lyapunov
matrix $1, which is related to the degree & of the vector w(s).
That is to say, the computation complexity is growing as the
increase of k.

IV. EXAMPLE

In this section, we build up an experimental setup integrating
computer and real wireless network to execute the developed
event-triggered control strategy. It is shown in Fig. 2 that the
uncertain fuzzy WTS, the adaptive METM, and the controller
are implemented in MATLAB/Simulink software in computer.
And the event-triggered control signals are transmitted over a
practical wireless network composed by Zigbee devices. The
sampling period of the Zigbee devices is 0.001 s. In this example,
2 bytes are used to represent one control signal. Since two
measured signals g;(t) and ga(tx) are transmitted, the length
of one data packet is 11 bytes according to the packet formation
table given in [25]. Itis seen from Fig. 2 that the ZigBee modules
connected with the computer is utilized to transmit and receive
the triggered signals over the network. And each data packet will

TABLE I
WTS PARAMETERS

J 5x1073N -m R 0.5m

9 1.2 kg/m? Qs 0.16 Wb

P 6 x1073N -m - s/rad R 5x 103N -m
Ly =Lg 2.7x 1073 H R 1.13 Q

P, 8 Cp max 0.41
Qopt (t) 8.1 Dy = —Do 5

be transmitted twice, that is, from the left ZigBee to the right
ZigBee, and from the right one to the left one.

We choose the same parameters of PMSG-based WTS [8],
which are given in Table I.

The weighting function w(s), s € [—7,

w(s) = _< :)
Il

0] is taken as
37,C08 (

l _%‘| .
7sin ( ) 5, 0

Consider the other parameters as 6 = 0.01, 0 =0.2, A =
0.006, n=0.002, p= 1500, v=0.01, ¢=0.01, AR =
0.5sin(t), and d = 0.5. Thus, the membership functions of the
fuzzy controller (10) meeting 19? — pjf; > 0 are chosen the
same in [8] as ¥y (x1(t)) = 0.5e *1(10/55 and ¥y(x1(t)) =
1 — 91 (z1(¢t)) with p; = pa = 0.9. By solving the controller
design conditions in Theorem 2, it gives

w(s) =

(00413 —0.0242 [o0425 —0.0238
YT 10,0014 —0.0045) 7 2T | —0.0004  0.0046
104973 1.7224
C | 17224 8.0432

.
The initial conditionis takenas #(0) = [5 ~2 3] andthe

simulation period is 0.001 s. Considering the stochastic changes
of changes of operation conditions, the external disturbance is
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Fig. 3. Responses of system state x(¢).
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Fig. 4. Release instants and time intervals.

chosenas w(t) =Uj(¢) for0 <t <0.2 s (otherwise, @w(t) = 0),
where Uy (t) is a stochastic variable satisfying the uniform
distribution and |U(¢)| < 10. By utilizing the controller gains
and the parameters of METM in (8), the state responses of the
uncertain WTS are shown in Fig. 3. Fig. 4 shows the sequence
of event-triggering instants. From Figs. 3 and 4, it can be seen
that the system under the memory-event-triggered controller
operates in stability by updating the control signal 84 times.
Moreover, to show the interconnection between the threshold
o(t) and the triggering frequency over the interval [t, t2], we
introduce

L St ty —t

ety N

as the average threshold () and the average triggering period
(h), respectively, where ./ represents the number of triggers.
Thus, one also observes that the average threshold and the aver-
age triggering period over T; £ [0, 0.2 s] are 3=0.1699, h =
0.0031 s, and the corresponding values over Ty = [0.2, 0.3 s]
are & = 0.286 and h = 0.0036 s. It means that in T, a smaller
triggering threshold o (¢) is executed to generate more control

hZ

o
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Fig. 6. Release instants and time intervals under our METM and normal
switching ETM.

signals to stabilize the system, and then o(t) is increased to
reduce data transmission when the system converges to be stable.

In addition, the following comparison results are executed
to illustrate the advantage of the proposed METM (8) over
the switching ETM in [15]. For a fair comparison, a constant
triggering threshold o (t) = o, = o = 0.2 is taken.

By solving Theorem 2 with the same parameters in abovemen-
tioned calculation, the controller gains and triggering matrix are
obtained as

_ 1 0.0354  —0.0208 ~10.0371  —0.0198
' 1—0.0020 —0.0047|" T {0.0004  0.0044
~|11.6673  1.8266
1.8266 8.8862
.
The initial condition 2:(0) = {1 0.5 —1} and the same

external disturbance are considered. The triggering time and
intervals under two different ETMs are shown in Fig. 6. The
number of released events are given in Table II.
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TABLE II
NUMBER OF TRIGGERED EVENTS A/

Method N

Our METM (8) 94
Normal switching ETM in [15] 126

In terms of Fig. 6 and Table II, it is observed that our
proposed METM has decreased the triggered events by 25.4%
compared with the normal ETM. This indicates the better ability
of suppressing the unnecessary triggers caused by random data
jitters under the METM with historic outputs than the existing
switching ETM only using instantaneous system information.

V. CONCLUSION

The problem of adaptive memory-event-triggered H ., static
output control for uncertain T-S fuzzy WTSs has been investi-
gated in this article. The weighted mean of historic outputs was
used in the design of the METM to replace the present output, by
which it was able to further reduce the unnecessary transmission
and improve the robustness of the METM against dramatical
disturbances and noises. Additionally, the adaptive triggering
threshold was introduced to dynamically regulate the triggering
frequency along with weighted mean of historic outputs. By
selecting a novel LKF related with the weighting function, we
presented some sufficient stability analysis and control synthesis
conditions via a set of LMIs. A hardware-in-loop experimen-
tal platform composed of ZigBee modules was established to
demonstrate the advantages of the provided approach. Since the
communication delay and secure transmission are significant
problems of network, the proposed adaptive METM will be
applied to the stability analysis and stabilization for WTSs with
time-varying delays and cyber-attacks.
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