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Abstract

This paper is concerned with the reliable controller design for hybrid-driven nonlinear systems via
T-S fuzzy model with probabilistic actuator faults and probabilistic nonlinear perturbations. To reduce
unnecessary transmissions in the network, a hybrid-driven scheme is introduced, in which the commu-
nication transmission scheme can be selected between time-driven scheme and event-driven scheme.
The switch law of the communication schemes is modeled as Bernoulli distributed stochastic variable.
Considering the network-induced delay, nonlinear perturbations and the probabilistic actuator faults, a
new model is constructed under the hybrid driven scheme. By using Lyapunov—Krasovskii functionals
and stochastic analysis techniques, sufficient conditions are established which ensure the asymptotical
stability of the augmented system under hybrid driven scheme. Furthermore, a unified co-design algo-
rithm for the desired controller and the hybrid-driven scheme are developed. Finally, a typical simulation
example is used to demonstrate the validity of obtained results.
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1. Introduction

During the past few years, fuzzy systems based on Takagi—Sugeno (T—S) model have been
widely recognized as an efficient approach to approximate nonlinear systems with arbitrary
precision. Research in modeling and control of nonlinear systems by T—S fuzzy model has re-
ceived a great deal of attention, because they can be analyzed by the linear system theories and
described by a family of IF-THEN rules. There are some outstanding results reported [1-9].
In [1], the authors concentrate on the fault detection filtering problem for nonlinear switched
stochastic system in the T-S fuzzy framework. In [3], the authors investigate network-based
output tracking control for a T-S fuzzy system that cannot be stabilized by a non-delayed
fuzzy static output feedback controller. The authors study the distributed event-triggered Hoo
filtering for a class of nonlinear system in [5]. The authors investigate the reliable filter de-
sign with strict dissipativity for a class of T-S fuzzy time-delay systems in [9]. It should be
observed that the premises in the controlled fuzzy plant and the one in the fuzzy controller
are often asynchronous due to the presence of network-induced delays. How to deal with the
asynchronous premises in networked control systems is still an open problem. The existing
results are not enough, more effort should be paid to deal with this problem, which motivates
the present investigation.

Due to the increasing number of components in practical systems, the presence of actua-
tor faults is unavoidable, which may result in deterioration of system performance and even
instability of the closed-loop system. Therefore, it is essential and significant to increase sys-
tem reliability and security. The studies of reliable control scheme have received considerable
attention of control community and lots of outstanding results have been obtained [10-12].
In [10], the problem of adaptive fault tolerant tracking controller for a class of uncertain
nonlinear systems with input quantization and actuator faults is investigated. In [11], the
fault-tolerant stabilization problem has been studied for a class of nonlinear systems with
uncertain parameters. The authors in [12] deal with the problem of reliable and robust H,
static output feedback controller synthesis for continuous-time nonlinear stochastic systems
with actuator faults. Despite these efforts, the reliable control for T-S fuzzy systems with
probabilistic nonlinear perturbation under hybrid-driven scheme has not drawn any attention
in the present literature.

Networked control systems have become an active research area in recent years due to
the advantage of simple installation, low cost, easier maintenance, etc. However, the intro-
duction of communication networks can bring some problems. Especially, due to the limited
network bandwidth, the phenomena of time delay, packet dropout and noise interference are
often encountered, which may lead to performance degradation and system instability. Fortu-
nately, much effort has been made on how to reduce the amount of network transmission and
improve the efficient of network utilization. Different strategies have been proposed in the
existing publications [13-20]. Generally speaking, the researches tackling with this problem
can be classified into two categories:(i) The first one is the time-driven scheme. With this
method, network transmission is assigned periodically. The fixed sampling interval is chosen
to guarantee a desired performance under the worst conditions such as external disturbances,
uncertainties, time-delays and so on. However, when a control system runs in a steady state,
there is no need to update the measurement and control signal, such a method will lead
to unnecessary waste of network resources. (ii) The second one is the event-driven scheme.
In order to overcome the drawback of the time-driven scheme, the event-driven scheme has
been proposed in [19], in which the task is executed only when the pre-defined condition
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is satisfied. The event-driven scheme has been proved to be an effective way in saving the
network resource while maintains satisfactory system performance. The main advantages of
the event-driven scheme can be summarized as low transmission frequency, reduction in the
release times of the sensor and reduction in calculation cost of controller. Recently, on the
basis of the work in [19], different problems have been investigated under different event-
driven schemes [13—18,20]. For example, the authors in [13] investigate decentralized control
for a class of interconnected system. In [17], the authors are concerned with H, filter de-
sign for a class of neural network systems with event-triggered communication scheme and
quantization.

Different from above works, taking the random actuator faults and probabilistic nonlinear
perturbations into consideration, the reliable control for hybrid-driven T-S fuzzy systems is
investigated in this paper. Compared with some past works, the adopted hybrid-driven scheme
pays attention to the variation of the network loads, which is more flexible in saving the
network resources. In our hybrid-driven scheme, a Bernoulli distributed stochastic variable is
used to describe the access status of time-driven scheme and the event-driven scheme. Such a
method is suitable to guarantee the desired performance of networked control systems under
the worst conditions of external disturbances, uncertainties, time-delays and so on. The hybrid-
driven scheme is also capable of improving the network resources utilization while maintaining
satisfactory system performance especially when there is no negligible measurement variation.

However, to the best of our knowledge, no investigations have been involved about the
problem of reliable control for hybrid-driven T-S fuzzy systems with probabilistic nonlinear
perturbations under hybrid-driven scheme. Compared with the existing researches, the reliable
control is firstly addressed for hybrid-driven T-S fuzzy systems with random actuator faults
and probabilistic nonlinear perturbations. The main contributions of this paper are as follows:
(1) A Bernoulli distributed stochastic variable is used to describe the switch between different
communication schemes in the hybrid-driven scheme, which is efficient to make full use of
the network capacity. (2) Considering the actuator faults, probabilistic nonlinear perturbations
and network-induced delays, a new model is established under the proposed hybrid-driven
scheme. (3) Based on the model, sufficient conditions are obtained to ensure the desired
system performance and the explicit design method of controller gains are derived. (4) The
premises in the controlled plant and the one in the fuzzy controller operate in an asynchronous
way in this paper.

The rest of this paper is organized as follows. In Section 2, the issue on the implementation
of the hybrid-driven scheme is presented. Section 3 gives the sufficient conditions for the
stabilization of the augmented system. Furthermore, the explicit controller design method is
presented. An illustrative example is provided in Section 4 to show the effectiveness of the
obtained results. Finally, Section 5 concludes the paper.

Notation: R" and R™ " denote the n-dimensional Eculidean space, and the set of n x m
real matrices; the superscript 7 stands for matrix transposition; 7 is the identity matrix of
appropriate dimension; the notation X > O(respectively, X > 0), for X € R™" means that
the matrix X is real symmetric positive definite (respectively,positive semi-definite); Prob{X}
denotes probability of event X to occur; Sym{X} denotes the expression X7 + X; £ denotes

the expectation operator; for a matrix B and two symmetric matrices A and C, [‘; z] denotes

a symmetric matrix, where * denotes the entries implied by symmetry.
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Fig. 1. The structure of T-S fuzzy systems under hybrid-driven scheme.

2. System description

The control problem with unreliable communication links and probabilistic nonlinear per-
turbations is shown in Fig. 1, in which the sensor is clock driven, the controller and the
actuator are event driven. The nonlinear control system can be described by the following
T-S fuzzy system:

Plant Rule i: IF 0,(¢) is M}, and 6,(r) is M3, ..., and 6,(r) is M!, then

X(1) = Aix(t) + Biu(r) + B()Eih(x) + (1 — B (1)) Fig(x) (D

where i = 1,...,r, x(f) € R" denotes the system state vector, u(f) € R" is the control in-
put, 0;() denotes the vector of fuzzy premise variables, 6(¢) = [0,(t) 6,(t) ... Qp(t)]T,
M; (j=1,...,p) are the fuzzy sets, A;, B;, E; and F;(i =1, 2, ..., r) are constant matrices of
appropriate dimensions. The initial condition of the system (1) is given by x(t)) = xo; h(x)
and g(x) are nonlinear functions satisfying

A2 < [[Prx@)]l2

(2)
lgC) 2 < [ P2x(@) |2
where @, and @, are real matrices with compatible dimensions, /(x) and g(x) are the abbre-
viation of A(¢, x(r)) and g(¢, x(?)), respectively. B(¢) is a Bernoulli distributed random variable,
which is assumed to be known prior through statistical tests

E{B)} = Prob{p(t) =1} =B

Remark 1. Nonlinear perturbations are ubiquitous in practical systems. In this paper, a
Bernoulli distributed random variable is used to distinguish the different probabilities of A(x)
and g(x) occurring. For example, when A(x) and g(x) have the same lower and upper bounds,
the random variable can describe the variation of the nonlinear perturbations. Similar nonlin-
earities can be found in [13,21].
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By using a center-average defuzzifier, product inference and a singleton fuzzifier, the global
dynamic of the system (1) is inferred as

x(1) = Zhi(G(t))[AiX(t) + Biu(t) + B()Eih(x) + (1 — B(1))Fig(x)] 3)
i=1

where h;(0(1)) = % i) = [17_, Mi(6;(1)), M(6;(t)) is the membership value
i=1 Hi J

of 6;(f) in M ; For notational simplicity, we use h; to represent h;(6(%)).

As shown in Fig. 1, the system (1) is controlled over a communication network, hybrid-
driven scheme is adopted, that is, time-driven scheme and event-driven scheme can work in
different frequencies [22]. In this paper, we use a Bernoulli distributed random variable o(#)
to describe the switch law between the two communication schemes. The information of «(7)
can be obtained through statistical method. Define

“4)

a(t) = 1,if time-driven scheme is active
a(t) =0,if event-driven scheme is active

where E{a(t)} = Prob{a(t) = 1} = a. At each sampling instant, only one of the two com-
munication strategies is active.

Remark 2. The hybrid-driven scheme adopted in this paper is aimed to reduce the limited net-
work resource and deal with the unavoidable occurrence of worst conditions(such as external
disturbances and time-delays).

In networked control systems, due to the existence of the network-induced delays in sensor
to controller path, the available premise variables for the fuzzy rules in the controller side and
the premises in the system may be asynchronous. Specially, for ¢ € [th + 7, i1 h + 7, 1,
in (3), the premise variables is 6;(¢), only 0;(#;h) is available at the controller. In view of this,
the controller u(r) can be designed in a form of

Control rule i: IF 6,(tch) is M}, and 0,(1ch) is M3, ..., and 6,(1h) is M!, then
u(t) = Kix(teh), t € [tvh + v, tip1h + 7, &)
where K;(i =1, ..., r) are controller gains to be determined, 7;, is the network-induced delay,

and #;h is the time stamp of latest control signal received by the actuator.

Remark 3. Due to the presence of network-induced delays, it is unreasonable to employ
the identical premise variables in the fuzzy plant and the fuzzy controller. The asynchronous
characteristic between the plant and the controller leads to mismatch membership functions,
which makes the analysis and the design of the system more complex. Fortunately, taking the
asynchronous operation and network-induced delays into consideration, different new methods
have been proposed [23-26]. Based on these works, the premises in the controlled plant and
the one in the fuzzy controller operate in an asynchronous way in this paper.

In the following, based on (5), the controller design method of the hybrid-driven system
will be given step by step considering the hybrid-driven scheme, random actuator faults and
communication delay.

Assumption 1. In this technical note, the probability of the time-driven scheme (or the event-
driven scheme) activated is assumed to be known a prior.
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Assumption 2. Throughout this paper, 7, is network-induced delays, which contains the delay
from the sensor to the controller and from the controller to the actuator, and the computational
and waiting delays. x(#h) denotes the set of sensor measurements which are successfully arrive
at the actuator. x(tph) is the initial condition.

Remark 4. The sojourn probability & can be derived through the following statistical method
[27]:

where ki, n € Z*, k; is the times of «(¢) = 1 in the interval [1, n].

If the time-driven scheme is employed, the corresponding sensor measurement will be sent
out to the controller through communication network periodically. Considering the network-
induced time delay, similar to [28], let d(t) =t — t;h, this leads to 0 < 7, < d(t) < ty1h —
tih+ 7, £ d,s. Then, the overall controller can be represented in the following form

u(t) = Zhj(e(zkh))Kjx(z —d@)),t e [txh+ 7, tiih + 1, ] (6)

J=1

In order to reduce the unnecessary data transmission, an alternative event-driven scheme
is introduced in the other channel, whether or not the current sampled data can be send out
is dependent on the following condition [19]:

flen(t), o) = ef (1)Qey (1) — o”x" (teh)Quc(ixh) < 0 (7

where e (1) = x(tth) — x(trh + jh), x(t;h) is the latest transmitted measurement, o € [0, 1),
Q is the matrix with appropriate dimension. The current sampled data x(#;2 + jh) can be
transmitted as long as the state error e;(¢) violates condition (7).

Similar to [20], the holding interval of the ZOH ¢t € [th + v, i 1h + 7y, ] can be
divided into [fh+ T, tiih+ 1,1 = Ufi:o Y, k), YU k)=I[tsh+Ih+ 14, tih+1h+
h+tpnull=1,....d,d=t4 —tx —1. Set t(t)=t—tth—1h, 0<7, <T(@)<h+
Thti+1 £ 1), the transmitted state can be written as x(zh) = x(t — T(t)) + ex(¢), then, the
defuzzified output of the controller is

u@) =3 hiO@h)K;x( — 1(0) + ex()]. 1 € [h + 1, te1h + 1, )

Jj=1

In order to cope with the effect of hybrid-driven scheme, the following controller is utilized:

u(t) =a(t) Y hiOuh)Kpx(t —d©) + (1 — ) Y hj@uh)K;lx(t — (1)) + e ()],

j=1 j=1
(S [tkh + Tes tk+1h + Ttk+]] (9)

Remark 5. Because the hybrid-driven scheme is utilized, the controller in (9) is more general.
When «(t) = 1, the signal x(fxh) received by the controller can be expressed as x(t — d(7))
under the time-driven scheme; when « (¢) = 0, the signal x(#;h) received by the controller can
be rewritten as x(t — t(¢)) 4 ex(¢) under the event-driven scheme.
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Remark 6. Time-driven scheme and the event-driven scheme can be selected according to the
actual network loads and the system performance. When network induced delay and network
congestion are unacceptable, the event-driven scheme can be chosen to save the network
bandwidth. Especially, when the control system is in a steady state, the energy utilization
of the related components can be reduced under event-driven scheme. Otherwise, when the
fluctuation of the state is very obvious, the time-driven scheme can be selected.

Similar to the existing method in [28] and [29], the random failure of multi-actuators in
the system is modeled as

uf (1) = Wu(t) (10)

where W = diag{w,(t), wo(t), ..., w, ()} with w(@)(s=1,...,m) being m uncorrelated
random variables taking values on the interval [0, 9], in which § is a constant and § >
1. The expectations and variances of w(¢) are w, and 8V2”. From the definitions of W, we can
get E(W} = diaglwy, wa, ..., Wy} = Y sy wsDs, Dy = diag{0,...,0,1,0,...,0}

~——— — —

s—1 m—s

Remark 7. Actuator failure is often encountered in the system, which may result in unbearable
system performance and even instability of the system. In this paper, a stochastic modeling
method is used in (10). Particularly, w;(t) = 1 means there is no fault in the ith actuator at time
t; w;(t) = 0 means complete failure of the ith actuator or packet loss during the transmission
from the controller to the actuator; w;(t) € (0, 1) or w;(¢) € (1, ¥) means partial fault or data
distortion occurring, that is, the received signal at the ith actuator may be either smaller or
larger than the real one.

Combing (3), (9) and (10), the closed-loop nonlinear networked control system becomes

i) = ) ) hi@@)h; @ @) {Aix(@) + ¢ (OBWK;x(t —d (1))

i—1 j=1
+ (I —a@®)BWK;[x(t — 1)) +ex(?)]
+ BOERX) + (1 — B)Fgx)}, telth+ 1, tipih+ 1] (11)

From the definitions of W, «(#) and B(¢), (11) can be rewritten as

r

£() =) @@ OGN Aij + (@) — @)BW Aij

i=1 j=1
+ B:(W — W)[Aij1 + (a(t) — &) Aijp] + Aipht € luh+ 1, th+1,,] (12)

where

Aij = Aix(t) + BW A;jy + B)Eh(x) + (1 — B(t)Fg(x))
Aijp = a@Kx(t —d (1)) + (1 —a@)K;[xt — 1)) + e ()]
Aip =Kjx(t —d(t)) — Kjx(t — (1)) — Kjer(t)
Aijz = B@)Eih(x) + (1 — B(1))Fig(x))
Under the hybrid-driven scheme, the purpose of this paper is to design the reliable controller

and the triggering parameters to stabilize the T-S fuzzy systems with random nonlinear
perturbations, communication delay and probabilistic actuator faults. In order to deal with this
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problem, similar to [25,26], we assume the asynchronous errors of the grades of memberships
satisfy the following inequality

| hj(0@)) —hj(@@h) |< pup,p=1,2,....r 13)

Lemma 1. [30] For any vectors x, y € R", and positive definite matrix Q € R"* ", the
following inequality holds:

2y <x"ox+y"07y

Lemma 2. [31] Suppose t(t) € [T, Tul, d(t) € [0, dyl, 1, Es, B3, B4 and Q2 are matrices
with appropriate dimensions, then

T@®) —t)E1+(mw —t(@)E2+d)E3+ (du —d())Es+ 2 <0 (14)
if and only if

(ty —t)E1 +dy83+ Q2 <0
(‘L’M _Tm)E2+dME3 +Q <0
(ty — ) EB1 +dyEs+ Q2 <0
(ty — ) By +duEs+R2 <0

3. Main results

In this section, we will develop an approach for deriving stability conditions and controller
design for the T-S fuzzy closed-loop system (12). We now state and establish the following
result.

Theorem 1. For given scalars a, B, Ty, du, Ws, 84, 8p, Sus(s=1,...,m), o, U,
(p=1,2,...,r) and matrix K;, under the hybrid-driven scheme (4), the augmented system
(12) is asymptotically stable if there exist positive matrix P > 0, Q1 > 0, 0> > 0, Ry > 0, R,
>0, 2 > 0, U, Mj;, Njj, T and S;; with appropriate dimensions such that for 1 =1,2,3,4

() <0,i=1,2,....r (15)
SV + D) <0,i,j=1,2,...,r (16)
U+Z7()>0,i,j=1,2,...r (17)
where
En+I+107 * * * *

Ez] Ezz k k k k
mij _ 831 0 833 % * k
s = Sa1 0 0 &y + s |0

551 0 0 0 355 *

Ee1 (D) 0 0 0 0 Ee
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[PA;+ATP+ 01+ 0> * % * * * * %
o_tKjTWTBiTP 0 * * * * * *
0 0 -0 * * * * *
o aKTW'Bl'P 0 0 o’ x ok k%
== 0 0 0 0 -0, = * *
aK]WTB] P 0 0 0 0 -2 x %
BET'P 0 0 0 0 0 -P x

L BETP 0 0 0 0 0 0 —P

I=[M;+T; -Mj+N; —Nj -T;+S; =S; 0 0 0] B;=PBWK;

G@=1-a&pf=1-p06=aas = \/><I>”(l>—W”(l)+ZMp<U+E”’(l)>
p=1

- _MPAi */dM&Bij 0 «/dMOA(Bij 0 «/dMOAlB,‘j «/dM,éPEi \/dMBPFi

=21 = | JmPA;  JmaBi; 0 JwaéB; 0 JtéB; JwuPPE;, JtuPPF

_O «/dM(SaB,»j 0 —\/dM(SaB,’j 0 _N/dM(SuBij 0 0
- 0 «/TM(saBij 0 _«/TMauBij 0 —MTM(SaB,'j 0
== 10 0 0 0 0 0 Sp/AuPE;  —8,/dyPF;
_O 0 0 0 0 0 SbA/TMPEi —(Sba/TMPFi
Exn = diag{—PR;'P,—PR;'P}, Ej; = diag{—PR'P,—PR;'P, —PR;'P, —PR;'P}
[0 aduyD 0 a/dyD 0 ()Aé»,/dM@ 0 0 8,1 PB;D\K;
= 0 a«/TMQ 0 (XA/TMD_ 0 &A/TMD_ 0 0 D_
“HT0 SdyD 0 —8,/dyD 0 —8,/dyD 0 O T :
10 Su/TuD 0 —8.ytD 0 —8,JTD 0 0 Sw1PBiDyK;
Eus = diag{R1, Ra, R1, Ra}, Ry = diag{—PR'P,...,—PR;'P},k=1,2

m

Po
851 = [ : 01X7], Bss = diag{—P, —P}, Ees = diag{—R;, —R>}

P®;  01x7
- VduM[ VauM[ VduN[ T VduN,
Bel (1) = [\/_S ] E61(2) = I:«/_ } E61(3) = |:«/_S } Ee(4) = |:\/_T¥}
Proof. Choose the following Lyapunov functional as
V) =Vi@®) +V2() + V3(1) (18)
where

Vi(t) = xT (t)Px(t)

Va(t) =/ xT(S)le(S)dS+/ x" (5)Qax(s)ds
t—dy t—ty

Vi(t) = f / T VR X(v)dvds + / / T (VR (v)dvdss
t—dy Js t—ty Js

Taking derivation on V;(f) and evaluating their expectation

EVi(t)} = 2xT (t)PA; (19)
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EWAM) = X ((Q1 + 0)x(t) — &7 (1 — dy)Qrx(t — dyy) — &7 (1 — 1) Qax(t — 1) (20)

EWVA(0)) = 37T (1) (dyRy + TuR)E() — / td A7 (5)R1i(s)ds — f L FoRids QD)
- -

Notice that

(O duRy + iR)EE) =Y Y hi(0(t))h; (0 (tch)) {A{jRAi j+ S AL W Bl RBW Ay

i=1 j=1

+ SEEh(t) — Fig()]" RIE:h(t) — Fig(t)] + Z 82 (BiDsAij))T R(BiDyA;j1)

s=1
+ D88 (B,-DSAUNR(BZ-DSAUZ)} (22)
s=1
in which R = dyR; + tyRa, Aj;j, Aiji and A;j, have been denoted in (12).

Employing the free-weighting matrices method [32,33], for matrices M;;, Nj;, T;; and S;; of
appropriate dimensions, we have

23N mO@)h O )T (OM;; [x(r) —x(t —d(1) - / . )x(s)ds} =0 (23)
i=1 j=1 fat
ror t—d(1)
2ZZhi(9(t))hj(9(tkh))§T(t)Nij[X(t—d(l))—X(t—dM)—/d X(S)dS] =0 @4
i=1 j=1 I=du
22Zh,-w(r))h,-(e(rkh));T(t)ﬂ,»[x(r)—x(r—r(r))—/ ( x(s)ds]=o (25)
i=1 j=1 1= (t)
t—1(t)

23 > hO)hj O W) (0)S;; [x(r —T(t)) —x(t — ) — /

i=1 j=1 —tu

)&(s)ds] =0 (26)

where ¢7 (1) = [x" (1) x" (t —d(t)) x" (t —dy) x" (1 — (1)) X" (t —Ta) € (t) h" (x) g" (x)]
By Lemma 1, we can get there exist real matrices R; and R, such that

t t
—2¢7 ()M, X(s)ds <d )" (OM;RT Mt (1) + / i (s)R1%(s)ds 27
t—d(t) 1—=d(t)

t—d(t) t—d(t)
=207 ()N / L s < (dy — d @) (ONGRT'NC () + / ) & ($)Rix(s)ds  (28)

—207 (0T / i(s)ds < T (OTRy ' T e (1) + / 2 ($)Roi (s)ds (29)
t—1(1) t—1(t)
t—1(t) t—t(t)

_2T (1), / 3(s)ds < (t — T (0)ET OS,Ry'STE (1) + / #()RE(s)ds  (30)

From the definition in (2), we can get

xT (t)®TPDx(t) — h" (x)Ph(x) > 0 31)
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X (1)) PPax(1) — g (x)Pg(x) = 0 (32)
Recalling the definition of t(¢), (7) becomes
o?xT(t — T(1))Qx(t — (1)) — ef (1)Qex(t) >0 (33)

Combining (19)—(33), we derive that

EWV ) =YY h@@)h; @ @h) {227 (OPA; +x" (1)(Q1 + Q2)x(t)

i=1 j=I1
— x"(t —dy)Qux(t —dy) — X" (t — Tn)Qax(t — Tag) + ¢ (OMyj[x(t) — x(t — d(t))]
+ ALRA;; + 8, AL,W” Bl RBW Ao + S{[E:h(t) — Fig(t)]" RIE;h(t) — Fig(t)]

ws-a

+ >80 (BiD A R(BD, Aijy) + ) 82,87 (BiDs Aijn)" R(BiDs Ajj2)
s=1 s=1
+ T ONlx(t —d () — x(t —dy)] + T (OT[x(t) —x(t — 7 (1))]
+ T OSilx(t — T (1) —x(t — w)] +d @) (OMRT M2 (1)
+ (dy —d0)¢" (ONGR'NE¢ (1)
+ T OTR T L (0) + (ty — T @) (SR STe (1) + 0°x" (1 — (1) Qx(t —7(1))
— e; (D (t) +x" )P PD1x(1) — h (x)Ph(x) + x" (1) D] PPx(t) — g (x)Pg(x)}
< > > mO@RO @[T @(En +T + T @) + ALRA,;
i=1 j=l1,i<j

+ SgAijszB[TRB;WAijz

+ Z 82.82(BiDsAij2)T R(BiD;Aija) + SLIEih(t) — Fig(t)1" RIEh(t) — Fig(t)]
s=1

+ )85, (BiDAij) RBD,Ayji) — h (x)Ph(x) +d ()¢ ()M Mg (1)
s=1

+ (dy —d @) (ONGRT'NEC @) + 1 ()T (TR ' T ¢ (1)
+ (e — @) SR, ST (1)
+ " ()P POx(1) + xT (1) DT PDyx(1) — g" (x)Pg(x)} (34)

By using Schur complements, one can see that £{V (t)} < 0 can be ensured by

DO @) O @) ET (1) <0 (39)

i=1 j=1

The following slack matrix U is introduced to relax the design results

r

DO T h@@) (kO th)) — ki@ ))U =0 (36)

i=1 j=1
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If U 4+ BY(1) > 0, substituting (36) into (35), we can get

DY hi@@)[hjO@)ET (1) + (hi (0 tch)) — hj@@))(U + EY(1))]

i=1 j=1

<Y D mO@)R;O®) | BV + Y 1,y (U +EP D))

i=1 j=1 p=1
=D D RO D)+ Y Y hi(O0@)hi(01)) (Y1) + D (D)) 37)
i=1 j=1 i=l i<j<r

where @ (1) = EV () + Y7 _, i,(U + EP (D))

According to (15) and (16), it follows from (37) that (35) is satisfied. Then, we can have
EV ()} < 0.

This completes the proof. [

Sufficient conditions are given in Theorem 1, which guarantee the mean-square stability
of the augmented system (12). Based on the results in Theorem 1, we are in a position to
design the controller in the form of (9) in the following theorem.

Theorem 2. For given scalars «, B T, dy, Ws, 84y Op, Sus(s=1,...,m), o, [,
(p=1,2,...,r), &1 and &,, under the hybrid-driven scheme (4), the augmented system (12) is
asymptotzcally stable with controller feedback gams K = Y X lf there exist positive matrix
X>00,>00,>0 R >0, R >0 Q>0, U,
dimensions such that for | = 1,2,3,4

M;;, N,j, T,] and S,J with appropriate

i) <0,i=1,2,...,r (38)
V() + D) <0,i,j=1,2,...,r (39)

+E(1)>0,i,j=1,2,.. (40)
where

(1) = BV (W) + Y 10 + EV ()

p=1

En+IT+TI7 « * * * *

o1 E * * * *

~ii = 0 O * * *
EY () = ;31 3 ~ <0,i, j=1,2,..,r, i<

E41 0 0 o * *

Es1 0 0 0 Ess *

Ee1 (1) 0 0 0 0 Ee6 |
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[AX +XAT + 0,4+ 0, =« * * * * * x|
&YjTWTBiT 0 * * * * * *
0 0 -0 * * * * *
= ay/wrB! 0 0 o * * %
s 0 0 0 0 -0, % % %
ay/wrBf 0 0 0 0 - %
BXE! 0 0 0 0 0 X =
BXF" 0 0 0 0 0 0 —Xx|
l:1 = [Mij—FTij —Mij—l-ﬂ/ij —Nij _~ij+ ~ij —SNij 0 0 O], B;,'j':B,‘WYj
& _ [VduAX VdyaB; 0 JdyaB; 0 dyaB; duPEX duPFX
s _4/'L'MA,'X A/TM&B,'J' 0 4/‘CMAB,']' 0 4/‘L'A/[(SZB,U 4/'L'MBE,'X 4/'L'A/[/éf'_}}(
[0 Vdyd.Bij 0 —dudBi; 0 —/dudaBi; 0 0
= — 0 Q/TMSQBZ‘J' 0 —A/TM(SQBU‘ 0 —4/TM(SQB,‘] 0 0
7o 0 0 0 0 0 So/AuEX —8p/dyFX
1 0 0 0 0 0 0 SpSTMEX  —6p ST F: X
ézz = diag{—281X + 812151, —2eX + 8%1%2}, i3 = dl'ag{ézz, ézz}
[0 avdyD 0 adyD 0 aJdyD 0 0 5,BD\Y,
A 0 O_lA/'L'MD 0 &A/TMD 0 OAlA/'L'MD 0 0 [)_ .
ST SudyD 0 —SedyD 0 —8,/dyD 0 o T 5
0 SoytuD O —8,JtyD 0 —8.yyD 0 0 Sw1BiDinY;
B = diag{R1, R, R1. Ra), Ru = diag{—2e,X + e2Ry, -+, 26X + 2R}, k=1,2
= DX 01 e . = . 5 5
Bs = [@;X le;]’ Bss = diag{—X, —X}, B¢ = diag{—R;, —R:}

~ A/ dMMT ~ A/ dMMT
Be1 (1) = =7 |, Be1(2) = -
Vs VT

Proof. From

(R — exP)R; ' (Ry — &xP) > 0, (k = 1,2)
we can get

—PR'P < —2¢,P + &;Ry, (k=1,2)

By using (42), from(15), we can obtain

() <0,i=1,2,...,r
ci)lj(l) + q_)jl(l) < 05 la] = 172’ SRS

U+ZE7()>0,i,j=1,2,....r

o asl L [V
j|, 861(3) = [mgi] Ee1(4) = |:«/ij:|
41)
42)
(43)
(44)
(45)
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where

-
(1) = EV() + > up(U + EP(1))

p=1
En+IT+T7T «

* * * *
Ez] Ezz k *k k k
o = 0 = * * * .. .
EY () = :31 =33 = <0,i, j=1,2,...,r, i<}
E41 0 0 om * *
E51(l) O 0 0 355 %
Eo1 0 0 0 0 o6

oo

90 = diag{—ZslP =+ S%Rl, —2&P + S%Rz}, é33 = dl'ag{ézz, ézg}
By = diag{R1, Ra, R1, R}, Ri = diag{—2eP + e}Ry, ..., —2eP +eiRy}, k=1,2

m

Define X = P~!, ¥; = KX, X01X = 01, X0:X = 0y, XRiX =Ry, XR:X =Ry, XQX =
Q XM;;X = MU, XN;iX = N,J, XT;;X = T,j, XS;X = S,j, JUJT = U pre-multiply and
pos-multiply (43) with J = diag{X, X, ..., X} and its transpose, (38) can be derived from
(43). Similar operation to (54) and (55), we have (39) and (40).

This completes the proof. [J

Remark 8. When the system (1) is under the time-driven scheme, substituting (6) and
(10) into (3) we can obtain

r

£() = > hO@)hjO W) {Ax(t) + BWKx(t — d (1)) + B(1)Eih(t)

i=1 j=1
+ (1 = BOFgt)}t € [txh + v, tisrh + 7 ] (46)

Remark 9. When the system (1) is under event-driven scheme (7), substituting (8) into (3),
we get

i) =D hO@)hiOh){Ax(t) + BWK;(x(t — (1)) + ex(t)) + PO Eih(1)

i=1 j=1
+ (1 = BOFg)}t € [kh + 1, tiprh + 77, ] (47)
Similar to the proof in Theorem 2, the following corollaries can be easily obtained.

Corollary 1. For given scalars ,5 dy, Wg, 8p, Sus(s=1,....m), up(p=1,2,...,1), €1,
under the time-driven scheme, the system (46) is asymptotzcally stable with controller feedback
gains K; =Y; X~ 1 , Iif there exist positive matrix X > 0, Ql > 0, R1 > 0, M;j, N,], Ul with
appropriate dlmenszons such that for l =1,2

Qi) <0, i=1,2,..,r (48)
VD + @) (1) <0, i, j=1,2,.,r (49)

U+070) >0, i,j=1,2,..,r (50)
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where

o (1) = Y (1) + ), (01 + TP 1))

p=1
[T + A+ AT * x k% %
H21 —281X + 8%&1 * % * *
ij I3 0 IM3; % * * L. . .
Jey — _
Iy () = ®,X 0 0 -X =« N <0,i,j=1,2,..,ri <]
X 0 0 0 —X =«
e (1) 0 0 0 0 —-R
[AX +XAT + 0, * * *
YJ.TWTBZ.T 0 * * *
M, = 0 0 -0, = s
BXET 0 0 =X =
B BXFT 0 0 0 -X
M = [VdyAX duBWY; 0 JdyBEX duPFX]
. Sw1BiD1Y;
O — 0 dyD 0 0 0 He .
TT0 0 0 SyAyEX  —pduFX |7 T :
(SwlBiDij

M3 = diag{Ri, —2e:X + IR}, A= [M;; -M;+N; —-N; 0 0]
Eoi(1) = [VAuM]). Ea@) = [VauN}]
Other symbols have been defined in Theorem 2.

Corollary 2. For given scalars ﬁ Ty, Wy Op, Sus(s=1,...,m), n,(p=1,2,...,1), &,
o and 2, under the event-driven scheme (7), the system (47) is asymptotically stable with
controller feedback gains K; =Y; X~ U if there exist positive matrix Uy, X > 0, 0, > 0,

R, >0, T;;, SU, with appropriate dimensions such that for | = 1,2

@lzl(l)<0’l=1,2,,r (51)
OY (D) + @Y () < 0,0, j= 1,2, ©
O+ T (D) > 0,0 j = 1,2, ccr >
where

Y (1) =T (1) + Y up(Us + TY (1))

p=1
M+ A+ AT * * * *
Iy -2 X + 8%R1 * * *
i IT 0 I * * *
ijey 31 33
Hz ()= DX 0 0 —X * * <0
O X 0 0 0 -X *
e (1) 0 0 0 0 —R;
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[AX +XAT + 0, * * * * x|
YjTWTBiT o2 * * * *
1;[“ _ _O 0 ) * * *
Y/ w’Bl 0 0o - * *
,BXEiT 0 0 0 —-X *

BXF" 0 0o 0 0 -X|

1:[21 = [A/‘EMA,‘X 4/'L'A/]B,'VVYJ‘ 0 4/'L'A/[B,'VVYJ' 4/'L'M,BE,‘)( 4/‘L'M,éF,'Xv]

o — |0 JwD 0 JtyD 0 0
=10 0 0 0 SodMEX =8, /T EX

H33 = diag{?ég, —282X + 8%1%2}, A= [le —T[j + gij —S,'j 0 0 0]
Ee1(1) = [«/TMf},T], E61(2) = [«/TMS,E]
Other symbols have been defined in Theorem 2.

Remark 10. One can see that, in the designed hybrid-driven scheme, the frequency of the data
transmission is determined by «(f) and o. When «(¢) = 1, more signals will be transmitted
and the feasible solutions for Corollary 1 is easily to find out. When «(¢) = 0, the system
is under the event-driven scheme. A larger o brings a larger release interval, fewer numbers
of packets are released and the smaller t,, is obtained. However, too large o may result in
difficulty for Corollary 2 to find the feasible solutions. Therefore, we can make adjustment
for the release interval and the system control performance by choosing @ and o.

Remark 11. It should be noted that Corollary 1 and Corollary 2 can be seen as special cases
of Theorem 2. Theorem 2 gives the co-design method of the controller and the hybrid-driven
scheme (4) for the augmented system (12). Corollary 1 presents the controller design method
of the system (46). Corollary 2 provides the co-design method of the desired controller gain
and the event-driven scheme (7) for system (47).

4. Simulation examples

Consider the following nonlinear mass-spring system [20]:

X = X2
{xZ = —0.01x; — O.67xf +utow (54)
where x; € [—1,1], x, € [-0.8,0.8], @ = B(t)E;h(x) + (1 — B(t)g(x)) with nonlinearities
bounds @, = diag{—0.06, 0} and ®, = diag{0, 0.02}, w is nonlinear perturbation. The fol-
lowing conditions hold obviously for x; € [—1, 1]: 0.67x; > O.67x,3 >0 when x; > O;
0.67x; < 0.67x; <0 when x; < 0. Choose the membership functions A;(x;) = 1 — x} and
hy(x1) = 1 — hy(x;), the nonlinear system (54) can be described by the following T-S fuzzy
model:
Rule i: If x; is A;, then

X(1) = Zhi(é’(t))[AiX(t) + Biu(t) + B()Eih(t) + (1 — B(1)Fig(r))] (55)

i=1
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0 1 0 0.1 0 02 0
Al:[—o.&z 0}’ Bl:[l ] El:[o 0.1}’ Fl:[o 0.2}

0 1 0 0.1 0 0.1 0.1
Az:[—o.m 0}’ 32:[1 } E2:[0 0.1}’ Fzz[o 0.1}

The initial state is given as xyp = [—0.5 —0.1] . The nonlinear functions are chosen as

hx) = 0.04x; — tan(0.3x7) 4+ 0.15x, ) = —0.3x;tan(0.2x7)
. 0.09x,tan (0.7x3) + 8W =10 8%, + tan(0.6x7)

In the following, three possible cases are discussed, which can illustrate the effectiveness
of the proposed results.

Case 1: When «(¢) = 1, the system is under time-driven scheme, for given 5 =0.2,dy =
0.7, w; =0.95, 6, =0.02, §,,; =0.05, and &; =1, u, = 1(p = 1,2), based on Matlab/LMIs
toolbox and applying Corollary 1, we can get the controller feedback gains as follows

Ky =[0.1427 —0.8578], K, =[-0.5360 —1.0240] (56)

The state response and the probabilistic actuator faults are shown in Fig. 2 and Fig. 3,
respectively.

Case 2: When «(f) = 0, the system is under single event-driven scheme, for given f =
02, 7y =08, 0 =0.1, w; = 0.95, §, =0.02, §,,; =0.05, u, =1(p=1,2) and &, = 1, by

0.3

state response

0 5 10 15 20
Time(s)

Fig. 2. The state response under feedback gain in case 1.
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1.6

141 -

121 §

0.8

Actuator fault

0.6 b

0.2 : :
0 5 10 15 20

Time(s)

Fig. 3. The probabilistic actuator faults in case 1.

Corollary 2, the controller feedback gains and event-triggered matrix are derived as follows

0.8269  —0.3998

Ky =[02703 —0.7947], K, =[-0.3706 —0.9810], Q:[_Osggg 0‘8311](57)

Fig. 4 depicts the state response. The release instants and intervals are given in Fig. 5.

Case 3: When the system is under hybrid-driven scheme, for given & = 0.25, 8 = 0.12,
dy =0.5, 7y =0.7, 0 = 0.1, w; =0.95, 6, =0.02, §,,; =0.15, &1 =1, u,=1(p=1,2)
and &, = 1, applying Theorem 2, the controller feedback gains and event-triggered matrix are
as follows

Ky =[02765 —0.9109], K,=[-03652 —1.0611],

0.0503  —0.0340
@= [—0.0340 0.0491 } %)
The state response is shown in Fig. 6. The stochastic variables «(f) in this simulation is
plotted in Fig. 7.

The simulation results in Figs. 2, 4 and 6 have confirmed that the designed reliable
controllers can stabilize the T-S fuzzy systems with probabilistic actuator faults and stochastic
nonlinear perturbations. Fig. 5 illustrates that the amount of transmission is reduced by using
event-driven scheme. The hybrid driven scheme in this paper is more general, which can
reduce the number of transmissions and guarantee the discussed system achieve a satisfactory
performance.

Remark 12. From the simulation results, we can see that the obtained results are effective
in saving the scarce network resources and stabilize the discussed system when the random



L. Zha et al./Journal of the Franklin Institute 354 (2017) 3267-3288 3285

0.2

0.1

state response
|
o
N

-0.4 4
-0.5 4
-0.6 : . ‘
0 5 10 15 20
Time(s)
Fig. 4. The state response under feedback gain in case 2.
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Fig. 5. Release instants and intervals in case 2.

actuator faults and probabilistic nonlinear perturbations happen. Moreover, the hybrid driven
scheme covers the features in the time-driven scheme and event-driven scheme.
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0.3

state response

_0.6 Il Il Il
0 5 10 15 20

Time(s)

Fig. 6. The state response under feedback gain in case 3.

5. Conclusion

This paper discusses the reliable control for a class of hybrid-driven nonlinear networked
control systems via T-S fuzzy model with random actuator faults and nonlinear perturbations.
The randomly occurring actuator faults are governed by a set of unrelated random variables
satisfying certain probabilistic distribution. Considering the effects of random actuator faults
and the random nonlinear perturbations, a new model is developed under the hybrid-driven
scheme in this paper. By using Lyapunov functional method and linear matrix inequality
technique, sufficient conditions for the asymptotical stability of the augmented system are
obtained. Furthermore, the explicit expressions of the desired controller gains and the param-
eters of the hybrid-driven scheme are derived. A simulation example is used to highlight the
application and effectiveness of the proposed method.
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Fig. 7. The Bernoulli stochastic variable «(f) with @ = 0.25 in case 3.
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