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ABSTRACT This paper investigates the problem of fuzzy state feedback control for a category of fuzzy-
model-based coronary artery system(FMBCAS) with state time-delay. T-S fuzzy model is employed to
close in coronary artery system(CAS) which exists unknown nonlinear characteristics. Through the use of
linear matrix inequality technique, the synchronization controller for CAS are obtained. By utilizing the
delay-partitioning method, we can get a less conservative results. The Bessel-Legendre inequality and the
Moon’s et al. inequality with convex analysis are used to further reduce the conservatism of the system.
Finally, a simulation of CAS proves the effectiveness of our strategy.

INDEX TERMS Chaos synchronization, coronary artery system, Bessel-Legendre inequality, fuzzy control,

delay-partitioning method.

I. INTRODUCTION

Chaos synchronization has become an important topic in
the field of nonlinearity, it exists widely in biomedical,
information and other fields [1]-[5]. Confidential communi-
cation, chemical reactions, cardiovascular disease treatment
are some examples which use chaos synchronization [6], [7].
With the changes of blood vessel and blood pressure,
the coronary artery system will produce non-linear chaotic
dynamic behavior. Thus, the coronary artery system is also
a special chaotic system. Recently years, many researchers
study on the coronary artery system. Xu et al. in 1986 put
forward the mathematical equation of the CAS and the main
parameter values, mathematically prove that coronary artery
spasm will occur chaotic behavior [8].

Researchers have proposed a number of methods for the
study of nonlinear systems[9]-[18], such as adaptive con-
trol [19], [20], sliding mode control [21], [22], fuzzy con-
trol [23]-[25], event-triggered control [26], [27]. In the study
of CAS, the researchers applied the control methods of non-
linear system to chaos synchronization.
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Reference [28] designed a chaos suppression controller
using sliding mode control scheme for CAS. Reference [29]
used high-order sliding mode combined with adaptive control
method to achieve CAS synchronization in a limited time.
Reference [30] proposed a terminal sliding mode adap-
tive control for the synchronization of CAS with unknown
uncertainty boundary and the disturbance. It is a pity that
above literatures did not take the influence of time-delay into
account.

In practice of coronary heart disease treatment, the duration
of the drug, and the situation of the drug absorption affect
the stability of the system. There is a general phenomenon of
time-delay in CAS, and usually the time-delay changes over
time. Therefore, it has practical significance to research the
synchronization problem of uncertain CAS with time-delay.
The work [31] achieved the synchronization control of CAS
under interval time-varying delay through delay-partitioning
method. The paper [32] proposed a novel synchroniza-
tion control method by designing chaotic observers. Refer-
ence [33] used Wirtinger-based integral inequality to process
time delay to achieve chaos synchronization. Reference [34]
used Jensen inequality to obtain delay-dependent stabil-
ity conditions for chaotic finance systems. The methods
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proposed in the above literatures to deal with the time-delay
chaotic system has achieved good results in obtaining system
stability criteria, but there is still room for further improve-
ment. According to the Lyapunov stability theory, the con-
servation of the delay-dependent stability criterion depends
on constructing an appropriate Lyapunov-Krasovskii func-
tional (LKF) and scaling the derivative of the constructed
LKF. At present, the mainstream methods are Wirtinger
inequality [35], Jensen inequality [36] and free-matrix-based
integral inequality [37]. Recently, a new inequality named
Bessel-Legendre inequality was proposed [38], which has a
less conservatism. In addition, the Moon’s et al. inequality
with convex analysis is also an effective way to reduce the
conservatism [39].

CAS is more complex than existing mathematical models,
and existing mathematical models can’t approximate the real
system well. Fuzzy control is an effective method for mod-
eling and controlling complex nonlinear systems. Through
the fuzzy logic, the language information is constructed on
the control system, so it is needn’t to establish the pre-
cise mathematical model of controlled plant in the design,
so that the control strategy is easy to design and apply to
practical system. The powerful universal approximation of
the Takagi-Sugeno (T-S) fuzzy system makes it a powerful
tool for controlling nonlinear systems. The T-S fuzzy model
approach uses a combination of fuzzy logic theory and linear
system theory to deal with complex nonlinear systems. Ref-
erences [40] and [41] show the advantages of modeling using
the T-S model.

Motivated by the above discussions, fuzzy state feedback
synchronization control for coronary artery system with state
time-varying delay is investigated in this paper. By utilizing
the linear matrix inequality technique, a new synchronization
controller for CAS are obtained. The contribution of the pre-
sented synchronization method are emphasized as follows:(a)
By constructing the fuzzy dynamic equation of the CAS,
the model further approximates the real CAS, thus achieving
better control effect.(b) By utilizing the delay-partitioning
technology [42], we can get a less conservative results.(c)
Bessel-Legendre inequality and the Moon’s et al. inequality
with convex analysis are used to further reduce the conser-
vatism of the proposed method.

The rest is organized as follows. The problem description
and preliminaries are described in Section 2. Section 3 elab-
orates the fuzzy synchronization control strategy for CAS
with state time-delay. The simulation results are illustrated in
Section 4 to verify the validity of the presented methodology.
Finally, the conclusions are drawn in Section 5.

Il. PROBLEM FORMULATION AND PRELIMINARIES
In this paper, the mathematical equation of CAS is expressed
as follows:

x(t) = Ax(1) + Bx(r — =(1)) + ¢, ey

where x(1) = [x1(t), x2(t)]7, x1(¢) and x5(¢) represent inner
diameter changes and inner pressure changes of CAS.
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Accordingly, we can derive the fuzzy model of coronary
artery drive system. In this paper, let us use T-S fuzzy model
to describe CAS with r fuzzy rules:

Rule i: IF @1(t)is 8;1 and . .. and @, (?) is &,

THEN

{ () = A1) + Bix(t = (1)) + &, )
Xm) =Y(@), - <t=<0,i=12....r

where ¢(t) = (p1(1), @2(2), ..., <pp(t))T is the premise vari-
able, §;;(i=1...r,j=1...p)is the fuzzy set, x,,(t) € R" is
the state vector, t(¢) € [0, T)/] denotes a time-varying delay
and )7 is a positive constant. A;, B; € R™" are constant real
matrices, ¢; is periodic perturbation.

The master system model of FMBCAS can be inferred as
follows:

(1) = 3 BilpONAn(1) + Bixn(t = @) + 61}, )

i=1
X)) =Y(t), -ty <t<0,i=1,2,...,r.

where fuzzy weighting functions

-
hilgp(1)) = €ilp(1)/ Y €ilp(t)).
i=1

It is clear that hi(¢(1)) > 0, Y i, hi(p(t)) = 1.

Similar to the master system, we can describe the slave
system using the following rules:

Rule i: IF @1(t)is §;1 and . .. and @,(?) is §;p

THEN

{ E(1) = Aixy(t) + Bix(t = 1(0) + & + o(0) +u(0). ()
XM =v@), —-m=<t=<0,i=12,...,r.

The slave system model with controller can be represented
by:

Xs(1) = Zhi(w(t)){Aixs(l) + Bixs(t — 7(1))

i=1
+3i} + o) + u(),
X)) =¢@), —m=<t=<0,i=12...,r.
where w(t) is the external disturbance and fuzzy weighting
functions

&)

hi(p(D) = €i(@()/ ) €ilp(D)).

i=1
It is clear that h;(p(t)) > 0, Zle hi(p(t)) = 1.
Defining e(t) = x,,(t) —x,(¢), the state equation of the error
system can be expressed as follows:

e(t) = Xy — X5
= hil@()[An(t) + Bixm(t — T(1)) + &
i=1
— Y hilp(O)(Aixs(t) + Bixs(t — T(1)) + &)
) — ()
= > hi(p))Biet— (1) +(Ai—Kpe())—w(t)  (6)
i=1
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In this paper, the state feedback controller will be designed
to make the slave system synchronized to master system.
We consider the following control law:

,
u(t) = ) hilp(e)Kie(t) @
i=1

K; are the control gain matrices.

Remark 1: The TS fuzzy model is a nonlinear system
described by a set of If-then fuzzy rules. The TS fuzzy rules
divided the nonlinear system into many local linear systems.
Each rule represents a subsystem. Comparing with the tradi-
tional nonlinear system model, the local linearized dynamic
model can be easily analyzed and designed by modern control
theory.

Assumption 1: The error system (6) satisfies the following
condition

82 / - ol (He(t)dt — / - el (He(t)dr > 0, (8)
0 0

where § represents disturbance attenuation rate.

Lemma 1 [38]: For given symmetric positive definite
matrix Z, x is a continuously differentiable function x €
[p, g1 = R", we can obtain:

q 1
/ T WZx()dv > ST diag(Z,3Z,52)3
P q—p

where
x(q) — x(p)

2 ra
~ x(q@) +x(p) — —— | x()dv
3= q-p

= P s

6 q
x(q) —x(p) — —— / 0p.q(Vx(V)dv
q—p p

vV—p
=2(——)—1.
Qp,q(v) (q_p)

Lemma 2 [39]: Suppose exist the symmetric matrices
M e R™", the following inequality holds for the given matri-
ces N1, Ny € R and any scalar « € (0, 1):

-M 0
a ! > He(Ni[I 0]+ N2[0 1I])

l—«
—aNiM7INT — (1 —a)NoM~INT

Remark 2: In this paper, we use the Bessel-Legendre
inequality. It encompasses the Wirtinger inequality. The
Bessel-Legendre inequality depends not only on x(¢), x(t — 7),
fp 7 x(v)dv, but also on the integral term fp 7 0p.q(V)x(vV)dv.
Using the Bessel-Legendre inequality, we can obtain a less
conservative results.

IIl. MAIN RESULTS

In this paper, we divide the delay interval [0, tps] into N
equivalent subintervals, where N > 0. [t;_1, Tx] represents
the k-th subinterval(1 < k < N). WedefineT =t — 14| =

wm/N,O=1 <1< <18 =1TMq.
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Theorem 1: Coronary artery error system (7) is asymp-
totically stability by using the new designed controller for
any time-delay that satisfies 0 < t(f) < 1y, if there are
positive-definite symmetric matrices Py, P2, P3, Ok, Ry (k =
I,...,N), matrices X, Gi(i = 1,...,r),NjxG=1,2;k =
1,...,N) of appropriate dimensions, and the scalars
B1, B2, 4, so that the following LMI hold:

E N ,
NT R <0 (=12 )
J

where

1]

N
= — ZHE([Nz,kNl,k]Ak)a
k=1

b = 26{P1€N+2 +®
N
+ef 2O TR+ Ty Pa)en2 — ATP3A
k=1

+20X(—ef 5+ > hilp(t)Aie]
i=1

.
+Biey 3+ enig) — Y hilp())oGiel ]
i=1
+ele) — 8261{,4_4@1\44
® = diag{P»+ 01, —01+ 0>, ...,

AN+5
—_—~—
—ON-1+0On,—QOn — P2,0,---,0},
N; =[Nj1,...,Njn],
R = diag{Ry, ..., Ry},
P3 = diag{P3, 3P3, 5P3)},
Ri = diag{Ry, 3Ry, 5Ri},
o = Bre1 + Prent2,
i el —en+1
A= |er+eny1 —2en+s |,
| e1 —ent1 — besy 6
(A
A = k’1:|,
| Ak,2
i ek — eN43
Ak1 = | ek +ent+3 — 2entatk |
| ek — en+3 — 6e3N+5+k
i eN+3 — €kt
Ax2 = | ent3 + er+1 — 2ean1a+k |, (10)
| eN+3 — €k+1 — Oean 54k

The error system (6) is asymptotically stable, the control
gain can be calculated by K; = X1 G;.
Proof: We select Lyapunov function as

3
VD) =) Vi) (1)

i=1
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where where
Vi) = e (t)P1e(t) (12) Vi(t) = 2¢" (1)P1é(t)
N e, = 267 (1)ef Pren 42£ (1) (17)
Va(t) = el (V)Qre(v)dv ) N
: ,; —u ' Vo) = Y17 (1 — T Qrelt — Te—1)
t k=1
+ / el (V)Pre(v)dv (13) —el'(t — w)Qke(t — T + e (1)Pre(t)
. = — el (t — Ty)Pae(t — )
—Ty pt _ T
no =Y [ [ dergpd =5 VOO o
k=1 J-m Jrty Vi(t) = Z[fzér(t)Rké(t)
0 ! .T . k=1
+ o / / T (@Psig)dgdy  (14) -
— s f & (OReél)dg) + et (Psedt)
1—Tr

Let us denote:

T = [e(t), w1, é1), e(r — T(1)), (1), uz,

u3, 4, us, Ue, u7|

t
- / & (0)P3é(p)dy
t—tym

N
= T (e 12O T°Re + iy P3)en12£ (1)

up = et —11), ..., et — w)l k=1
o] e e [
up = [——— e (wydv, ..., _ - . .
(1) — 10 Ji—e(r) 2t A (@)Rielg)dy
1 /tTNl T( )d ] k=1 t
e e v v _ T .
() — 1 Ji—er) ™ /HMe (p)P3e(p)dy 19)
U3 = 1 /t_r(t) T Wydv, ... Using Lemma 1 to the integral term in (19), we can get:
T — T(t) t—1 t -
P [Py
—/ el (v)dv] —tu R
™ —7(t) Ji—zy < —&T(OATP3AE() (20)
1 ! T( Y N =Tk r
Uy = — e’ (v)dv _ = ; :
— - ];r / Y @Ry
us = [; /I_TO or.1¢" (V)dv N 1—Tp
S= 0% =-Ya / T (@R é(@)dg
L S
e — on,1e (v)dv] [T .
(1) — =1 Jr—z(r) +f/ ' (p)Ryé(p)d )
1—T

1 t—1(t) N
u6:[—/ o1, el Wy, ..., T A
0—t) iy °° < —Z(ms%m,{,]&z\k,ls(n

1 /t—‘r(t) - k=1 _
— on2e" (vV)dv] T T AT B
ntv —1(t) Ji—ry +tk — I(I)S () A Rk Ak 26(2))
1 1.
u; = _/ ome! (V)dv N 0
™ Jiwy ==Y &' | @ 1 . laeo @b
— (-t = * Ry
Qk,1=2(w—17 k=1,...,N) k=t I—a
VT( )(t t’;_)l where
— (-
ok2=2(————)—-1, (*k=1,...,N) Ak, 1 T(t) — Tp—1
T — (1) Ax = i
Ak, 2 T
v—(t—ty)
oM = Z(T) -1 (15) According to (6), for any scalars 81, 2, and any appropri-

) o ate dimensional matrix X, we can get
Taking the derivative of V (¢), we can get:

, 3 2B1e" (1) + Bae” (DIX[—é(t) + Y hilp())(Aie(t)
Vi)=YV (16) p
i1 +Bie(t — T(1) + w(t) — Kie()] =0 (22)
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which can be written as

26T (10X (—ef 1+ Y hilp())Aie] + Biek 3+ ey 14)

i=1

,
— Y hi(p)oGiel 15(1) =0 (23)
i=1
where G; = XK;, 0 = Bie1 + Brenyo.
Combining(17)-(23),we can get the following inequality:

V() < ET(1)Q2el Preysa + O
N
+317\}+2(Z TR + tiyP3)ent2 — ATP3A
k=1

+20X(—epn+ D hilp())Aie]

i=1

.
+Biey 3+ ey ) — Y hilpt)oGiel ]
i=1

A

Ry 0
N P e
* Ry

N 1
Sk
k=1 -

According to Assumption 1, in order to achieve the Hyo
performance, we define

J(e(r), o(t)) = / OO[eT(t)e(t)—82a)T(t)a)(t)]dt. (25)
0

Based on the zero initial condition, we can get

J(e(t), (1)) = / Oo[eTme(r) — 8%0” (H)w(t)
0
+V(O)ldt — V(O)li— o0
< / [T (De(t) — 82T (Hw(t) + V(1)]dt
0

- / £7(0)(® + TE(dr (26)
0

where

® = 2el Preyya+©
N
+817\}+2(Z TR + tiyP3)ent2 — ATP3A
k=1

+20X(—ehn+ D hilp()Aie]

i=1

.

+Biey 3+ ey i) — Y hilp(t)oGiel ]
i=1

+ele) — 8261]\}+4€N+4

I,
M=-) Ap | 1 Ak
k=1
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From Lemma 2, we can get the following inequality

1 4
—Ry 0

N
Y ETOA] | % L | Mg

k=1 * Ry

1 — oy

N
< =) EOATAED (2D

k=1
where
T = He((Myx  Max]) — ey kR ' M7,
— (1 — )Mo kR ' M,
We define
N
W= =) He(A{ [M) kMax]Ar)
k=1
+ o AL My R M A
+ (1 — )AL Mo kR M Ay (28)

Denote Al My = Nay and A] My x = Nj x, we can get

N
= 2 : p—1aT
V== + C(sz,kRk Nz’k
k=1

N

+ > (1 — )N RNT
k=1
N
= a(E+ Y NaxRi'NT )
k=1
N

+A—a)E+ Y NuRI'NT), @9)
k=1

where
N
E=0 — ZHe([N2,kNl,k]Ak)-
k=1

According to (29), when & + ZQ’ZI Nz’kRk_INZT ¢ < 0and
E+ Zivzl Nl,kIAi’k_lNlTk < 0, we get W < 0. Applying Schur
complement, the following inequality can be obtained

) N1
[NlT _R}<0, (30)
= N
2 0 31
<o b
where
Ni =[Ny, ...,Ninl,
Ny =[Ny, ..., Nan],

R = diag{R1, ..., Ry).

When (30) and (31) are satisfied, the error converges to zero
with the controller K; = X1 G;.
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0.8

-0.8

(b) The phase diagram of the slave system

FIGURE 1. The phase diagrams of the master and slave system without
the control input.

IV. SIMULATION
In this section, we demonstrate the effectiveness of our pro-
posed controller by the following two examples.

Example 1: Considering FMBCAS (3) and (5) with
time-varying delays and disturbances, the system parameters
are as follows:

1.7
—0.35]’

—-0.15 1.7 ~0.15
Ar = [—49.425 —0.35}’ A= [0.575

0 0 0 0
Bl:[o.m 0.01]’ 322[0.01 0.01]

The membership value of the FMBCAS (3) and (5) is

9*(0)
100 °
@)

ha(p(r)) = 1 — Joo

hi(p(n)) =
(32)

Initial conditions value are x,(0) = (0.2,0),x,(0) =
(—0.1, 0.2). The phase diagrams of the master-slave system
without the control strategy are shown in Fig 1. The trajectory
of the error system without the control input is shown in Fig 2.
It is obvious that the slave system is not synchronized to
master system.

Choose t(t) = 0.3+0.1sin(t), tyy = 0.6,6 = 0.6, 81 =
1,8 =1,N = 2 and { = 0.3 cos(t), applying Theorem 1,
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FIGURE 2. The trajectory of the error system without the control input.

-0.8

(b) The phase diagram of the slave system

FIGURE 3. The phase diagrams of the master and slave system with the
controller.

the state feedback control gains are

K _ | 89404 1.6967
1= 1494119 8.6873 |
K, _ 88745 1.6967
27105880 8.6873|

Under the controller K and K>, the slave system and master
system is synchronized. It is shown in Fig 3. The error system
with the controller is displayed in Fig 4. From Fig 4, we can
find that with the time changes, the error system converges to
zero under the controller.
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FIGURE 4. The trajectory of the error system with the controller.

0.8

0.6

02k

04f

-0.6

-0.8

0.8

0.6

0.4

02

02

04+

-0.6

-0.8

(b) The phase diagram of the slave system

FIGURE 5. The phase diagrams of the master and slave system without
the control input.

Example 2: Considering FMBCAS (3) and (5) with
time-varying delays and disturbances, the system parameters
are as follows:

A [ 02 s, _[-02 L5

' T | -49.425  —025]" “* T 0575 —0.25)
0 0 0o 0

B = [0.03 0.03]’ B2 = [0.03 0.03]

The membership values, initial conditions and other parame-
ters are the same as Example 1.

The phase diagrams of the master-slave system without
the control strategy are shown in Fig 5. The trajectory of the

VOLUME 7, 2019

Synchronization errors
- o

5

L L L L L L L L L
0 50 100 150 200 250 300 350 400 450 500

-0.8

(b) The phase diagram of the slave system

FIGURE 7. The phase diagrams of the master and slave system with the
controller.

error system without the control input is shown in Fig 6. It is
obvious that the slave system is not synchronized to master
system. Applying Theorem 1, the state feedback control gains
are

oo | 90204 14898
371493855 88119
Kk, _ [8:8228  1.4898
4= 10.6139 8.8119]

Under the controller K3 and Ky, the slave system and master
system is synchronized. It is shown in Fig 7. The error system

181939
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0.5 T

04t |

03 b

01t g

Synchronization errors

-0.2 b

-03 1

.
0 0.5 1 1.5 2 25 3 35 4 4.5 5
t (sec)

FIGURE 8. The trajectory of the error system with the controller.

with the controller is displayed in Fig 8. From Fig 8, we can
find that with the time changes, the error system converges to
zero under the controller.

The above results show that our control strategy has been
successfully applied in the synchronization of CAS.

V. CONCLUSION

The paper addresses the synchronization for the healthy and
diseased CAS with the time-delay based on T-S fuzzy model.
By constructing a fuzzy dynamic equation, the model is closer
to the real CAS. By choosing the appropriate LKF and com-
bining delay-partitioning method, Bessel-Legendre integral
inequality, the Moon’s et al. inequality with convex analysis,
a new synchronization controller is obtained. The numerical
simulations of CAS elaborate the effectiveness of the pre-
sented synchronization control approach. Recently, interval
type-2 fuzzy control has been studied extensively [43]. In the
near future, the research on synchronization of CAS based on
interval type-2 fuzzy model will be considered.

REFERENCES

[1] J.-H.Park, Z. Tang, and J. Feng, “‘Pinning cluster synchronization of delay-
coupled Lur’e dynamical networks in a convex domain,” Nonlinear Dyn.,
vol. 89, no. 1, pp. 623-638, 2017.

[2] T. H. Lee and J. H. Park, “Improved criteria for sampled-data synchro-
nization of chaotic Lur’e systems using two new approaches,” Nonlinear
Anal., Hybrid Syst., vol. 24, pp. 132-145, May 2017.

[3] R. Sakthivel, S. Santra, S. M. Anthoni, and V. Kuppili, “Synchronisa-
tion and anti-synchronisation of chaotic systems with application to DC—
DC boost converter,” IET Gener., Transmiss. Distrib., vol. 11, no. 4,
pp. 959-967, 2017.

[4] R. Rakkiyappan, V. P. Latha, Q. Zhu, and Z. Yao, “Exponential synchro-
nization of Markovian jumping chaotic neural networks with sampled-
data and saturating actuators,” Nonlinear Anal., Hybrid Syst., vol. 24,
pp. 28-44, May 2017.

[5] X.-M. Li, B. Zhang, P-S. Li, Q. Zhou, and R.-Q. Lu, “Finite-horizon
Ho state estimation for periodic neural networks over fading chan-
nels,” IEEE Trans. Neural Netw. Learn. Syst., to be published, doi:
10.1109/TNNLS.2019.2920368.

[6] V.-K. Yadav, S. Das, B.-S. Bhadauria, A.-K. Singh, and M. Srivas-
tava, “‘Stability analysis, chaos control of a fractional order chaotic
chemical reactor system and its function projective synchronization with
parametric uncertainties,” Chin. J. Phys., vol. 55, no. 3, pp. 594-605,
2017.

181940

[71

[8]

[9]

(10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

K.-K. Koh, S.-H. Han, I. Sakuma, and D. Zhao, “Calming down chaos
regarding redefining blood pressure targets-the importance of statin-based
therapy,” Int. J. Cardiol., vol. 221, pp. 572-574, Oct. 2016.

Z.-Y. Xu and C.-R. Liu, “The chaos phenomenon of the models for two
types of muscular blood vessel,” J. Biomath., vol. 1, no. 2, pp. 109-115,
1986.

Q.-X. Zhu and H. Wang, “Output feedback stabilization of stochastic
feedforward systems with unknown control coefficients and unknown
output function,” Automatica, vol. 87, pp. 166—175, Jan. 2018.

Q.-X. Zhu, “Stability analysis of stochastic delay differential equations
with Lévy noise,” Syst. Control Lett., vol. 118, pp. 62-68, Aug. 2018.

B. Wang and Q. Zhu, “Stability analysis of semi-Markov
switched stochastic systems,” Automatica, vol. 94, pp. 72-80,
Aug. 2018.

Q.-X. Zhu and J.-D. Cao, “pth moment exponential synchronization for
stochastic delayed Cohen-Grossberg neural networks with Markovian
switching,” Nonlinear Dyn., vol. 67, no. 1, pp. 829-845, 2012.

L.-D. Fang, L. Ma, S.-H. Ding, and D.-A. Zhao, “Finite-time stabilization
for a class of high-order stochastic nonlinear systems with an output
constraint,” Appl. Math. Comput., vol. 358, pp. 63-79, Oct. 2019.

J. Qin, Q. Ma, H. Gao, Y. Shi, and Y. Kang, “On group synchronization
for interacting clusters of heterogeneous systems,” IEEE Trans. Cybern.,
vol. 47, no. 12, pp. 4122-4133, Dec. 2017.

S.-H. Ding, W.-H. Chen, K.-Q. Mei, and D.-M. Smith, ‘“Disturbance
observer design for nonlinear systems represented by input-output mod-
els,” IEEE Trans. Ind. Electron., vol. 67, no. 2, pp. 1222-1232,
Feb. 2019.

H. Sun, Y. Li, G. Zong, and L. Hou, “Disturbance attenuation and rejection
for stochastic Markovian jump system with partially known transition
probabilities,” Automatica, vol. 89, pp. 349-357, Mar. 2018.

J. Qin, H. Gao, and W. X. Zheng, ““Exponential synchronization of com-
plex networks of linear systems and nonlinear oscillators: A unified anal-
ysis,” IEEE Trans. Neural Netw. Learn. Syst., vol. 26, no. 3, pp. 510-521,
Mar. 2015.

H. Sun, L. Hou, G. Zong, and X. Yu, “Fixed-time attitude tracking control
for spacecraft with input quantization,” IEEE Trans. Aerosp. Electron.
Syst., vol. 55, no. 1, pp. 124134, Feb. 2019.

L. Bai, Q. Zhou, L.-J. Wang, Z.-D. Yu, and H.-Y. Li, “Observer-based
adaptive control for stochastic nonstrict-feedback systems with unknown
backlash-like hysteresis,” Int. J. Adapt. Control Signal Process., vol. 31,
no. 10, pp. 1481-1490, 2017.

H. Wang and Q. Zhu, “Adaptive output feedback control of stochastic non-
holonomic systems with nonlinear parameterization,” Automatica, vol. 98,
pp. 247-255, Dec. 2018.

Q. Zhou, D. Yao, J. Wang, and C. Wu, “‘Robust control of uncertain semi-
Markovian jump systems using sliding mode control method,” Appl. Math.
Comput., vol. 286, pp. 72-87, Aug. 2016.

S. Ding, K. Mei, and S. Li, “A new second-order sliding mode and
its application to nonlinear constrained systems,” IEEE Trans. Autom.
Control, vol. 64, no. 6, pp. 2545-2552, Jun. 2019.

S. Marouf, R.-M. Esfanjani, A. Akbari, and M. Barforooshan, “T-S fuzzy
controller design for stabilization of nonlinear networked control systems,”
Eng. Appl. Artif. Intell., vol. 50, pp. 135-141, Apr. 2016.

J.-H. Qin, W.-M. Fu, H.-J. Gao, and W.-X. Zheng, “Distributed k-means
algorithm and fuzzy c-means algorithm for sensor networks based on
multi-agent consensus theory,” IEEE Trans. Cybern., vol. 47, no. 3,
pp. 772-783, Mar. 2017.

R. Sakthivel, S. Harshavarthini, R. Kavikumar, and Y.-K. Ma, “Robust
tracking control for fuzzy Markovian jump systems with time-varying
delay and disturbances,” IEEE Access, vol. 6, pp. 66861-66869,
2018.

X.-M. Li, Q. Zhou, P. Li, H. Li, and R. Lu, “Event-triggered consensus
control for multi-agent systems against false data-injection attacks,” IEEE
Trans. Cybern., to be published, doi: 10.1109/TCYB.2019.2937951.

L. Cao, H. Li, G. Dong, and R. Lu, “Event-triggered control for multiagent
systems with sensor faults and input saturation,” IEEE Trans. Syst., Man,
Cybern., Syst., to be published, doi: 10.1109/TSMC.2019.2938216.

C.-J. Lin, S.-K. Yang, and H.-T. Yau, “Chaos suppression control of
a coronary artery system with uncertainties by using variable struc-
ture control,” Comput. Math. Appl., vol. 64, no. 5, pp. 988-995,
2012.

VOLUME 7, 2019


http://dx.doi.org/10.1109/TNNLS.2019.2920368
http://dx.doi.org/10.1109/TCYB.2019.2937951
http://dx.doi.org/10.1109/TSMC.2019.2938216

R. Wang et al.: Synchronization of Fuzzy Control Design Based on Bessel-Legendre Inequality for CAS Time-Delay System

IEEE Access

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Z.-S.Zhao, J. Zhang, G. Ding, and D.-K. Zhang, “Chaos synchronization
of coronary artery system based on higher order sliding mode adaptive
control,” Acta Phys. Sinica, vol. 64, no. 21, pp. 5-8, 2015.

Z.-S. Zhao, X.-M. Li, J. Zhang, and Y.-Z. Pei, ‘“Terminal
sliding mode control with self-tuning for coronary artery system
synchronization,” [Int. J. Biomath., vol. 10, no. 3, pp. 155-164,
2017.

W.-S. Wu, Z.-S. Zhao, J. Zhang, and L.-K. Sun, “State feedback synchro-
nization control of coronary artery chaos system with interval time-varying
delay,” Nonlinear Dyn., vol. 87, no. 3, pp. 1773-1783, 2017.

J. Guo, Z.-S. Zhao, F.-D. Shi, R.-K. Wang, and S.-S. Li, “Observer-based
synchronization control for coronary artery time-delay chaotic system,”
IEEE Access, vol. 7, pp. 51222-51235, 2019.

K.-B. Shi, X.-Z. Liu, H. Zhu, S.-M. Zhong, Y.-J. Liu, and C. Yin, “Novel
integral inequality approach on master-slave synchronization of chaotic
delayed Lur’e systems with sampled-data feedback control,” Nonlinear
Dyn., vol. 83, no. 3, pp. 1259-1274, 2016.

M.-C. Zhao and J. Wang, “Hoo control of a chaotic finance system in
the presence of external disturbance and input time-delay,” Appl. Math.
Comput., vol. 233, pp. 320-327, 2014.

E. Gyurkovics, “A note on Wirtinger-type integral inequalities for time-
delay systems,” Automatica, vol. 61, pp. 44—46, Nov. 2015.

S.-J. Fan, “Jensen’s inequality for filtration consistent nonlinear expecta-
tion without domination condition,” J. Math. Anal. Appl., vol. 345, no. 2,
pp. 678-688, 2008.

VOLUME 7, 2019

(37]

(38]

(39]

(40]

(41]

(42]

[43]

W.-I. Lin, Y. He, C.-K. Zhang, M. Wu, and M.-D. Ji, “Stability analysis
of recurrent neural networks with interval time-varying delay via free-
matrix-based integral inequality,” Neurocomputing, vol. 205, pp. 490-497,
Sep. 2016.

K. Liu, A. Seuret, and Y.-Q. Xia, “Stability analysis of systems with
time-varying delays via the second-order Bessel-Legendre inequality,”
Automatica, vol. 76, pp. 138-142, Feb. 2017.

K. Liu and A. Seuret, “Comparison of bounding methods for stability
analysis of systems with time-varying delays,” J. Franklin Inst., vol. 354,
no. 7, pp. 2979-2993, 2017.

J. Cheng, B. Wang, J.-H. Park, and W. Kang, ‘“Sampled-data reliable
control for T-S fuzzy semi-Markovian jump system and its application to
single-link robot arm model,” IET Control Theory Appl., vol. 11, no. 12,
pp. 1904-1912, 2017.

H. Shen, L. Su, and J.-H. Park, “Reliable mixed Hoo/passive control for T-
S fuzzy delayed systems based on a semi-Markov jump model approach,”
Fuzzy Sets Syst., vol. 314, pp. 79-98, May 2017.

C. Ge, C.-C. Hua, and X.-P. Guan, “Master-slave synchronization criteria
of Lur’e systems with time-delay feedback control,” Appl. Math. Comput.,
vol. 244, pp. 895-902, Oct. 2014.

R. Sakthivel, S.-A. Karthick, B. Kaviarason, and F. Alzahrani,
“Dissipativity-based non-fragile sampled-data control design of interval
type-2 fuzzy systems subject to random delays,” ISA Trans., vol. 83,
pp. 154-164, Dec. 2018.

181941



	INTRODUCTION
	PROBLEM FORMULATION AND PRELIMINARIES
	MAIN RESULTS
	SIMULATION
	CONCLUSION
	REFERENCES

