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Event-triggered reliable synchronization of chaotic coronary
artery system

Abstract. This paper studies the problem of synchronization for chaotic coronary artery system. The heart receives its oxygen and nourishment from
the blood vessel namely coronary artery. Furthermore, due to some uncertain factors such as high blood pressure, thyroid, heart disorders, and others
can cause the inner pressure and diameter of the coronary artery vessel to change, resulting in an aberrant pulse. In order to synchronize affected
system with healthy system, event -triggered reliable controller is designed with the aid of linear matrix inequalities. Finally, simulations are performed
to ensure that the developed controller is successful.

Streszczenie.  Ninigjsza praca dotyczy problemu synchronizacji chaotycznego uktadu tetnic wiericowych. Serce otrzymuje tlen i poZywienie z
naczynia krwionosnego, czyli tetnicy wiericowej. Co wigcej, z powodu pewnych niepewnych czynnikéw, takich jak wysokie cisnienie krwi, choroby
tarczycy, serca i inne, moga powodowac zmiane wewnetrznego cisnienia i Srednicy naczynia wiericowego, co skutkuje nieprawidfowym tetnem. Aby
zsynchronizowac uszkodzony system ze zdrowym systemem, niezawodny sterownik wyzwalany zdarzeniami zostat zaprojektowany z wykorzystaniem
liniowych nieréwnosci macierzy. Na koniec przeprowadzane sa symulacje, aby upewnic sie, Ze opracowany sterownik odniesie sukces. (Wyzwalana

zdarzeniem niezawodna synchronizacja chaotycznego ukladu tetnic wiencowych)()
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Introduction

Due to its vast range of applications in many practical
contexts such as biology, electronics, economics, finance,
and so on, the synchronization of chaos behavior of system
states has gained great attention among many investigators
in recent decades [1, 2, 3, 4, 5]. The coronary artery is the
blood vessel that provides the heart with nutrition and oxy-
gen. Several unpredictable factors such as anomalies of the
heart, ectopic pacemakers, thyroid disease, excessive blood
pressure, irregular dynamic phenomena, and heart-valve dis-
orders might affect the inner pressure and width of the chan-
nel. As a result, a healthy coronary artery vessel is critical for
controlling arrhythmia’s; otherwise, cardiac arrest and even
death may result. The mathematical model is specifically
constructed to reflect nonlinear behavior and chaotic motions
in the coronary artery vessel in order to analyze the CACS
spectrum. CACS, on the other hand, is critical to human ex-
istence because it ensures that the heart receives enough
nutrients and oxygen at all times of the day and night. As
a result, the system’s health is essential. As a result, the
researchers spent a lot of time designing alternative con-
trol protocols for the coronary artery chaos system in order
to mitigate the impacts. The synchronization of diseased
CACS to its healthy system is maintained with the aid of sev-
eral synchronization methodologies such as adaptive control,
H, control, state-feedback control, and sliding-mode con-
trol addressed in the existing literature [6, 7, 8, 9, 10]. In
[7], synchronization problem for the uncertain coronary artery
system with time-delay and input saturation was considered.
H . synchronization control problem for coronary artery sys-
tem with input time varying delay has been investigated in
[8l.

In reality, abnormalities arise from a variety of sources,
and treatment effectiveness cannot be guaranteed all of the
time. Because of the defects in the actuator, the dynamics
of the system are not effectively regulated by the control in-
put signals. Due to this reason, the researcher’s paid more
attention on reliable control technique [11, 12, 13]. Further-
more, errors and risks may occur in a non-deterministic man-
ner, occurring at any point in time for any human, resulting
in unanticipated performance degradation. In order to accept
treatment flaws and dangers, the reliable control strategy is
adopted.

The event-triggered control system was implemented to

prevent control waste [14, 15, 16, 17]. Control signals are
only sent when the specified conditions are met in this sort
of controller. On the other hand, therapeutic delays can have
a significant impact on human life and even result in death.
The system’s performance is further harmed by delays in
medicine consumption and drug absorption, which can dra-
matically increase the risk of human life. As a result, ther-
apeutic delays are taken as input delays. To save a human
life, it is critical to forecast and diagnose blockage in heart
muscles within a finite amount of time in the coronary artery
system. As a result, quick recognition of control system per-
formance is essential, and some emergency medicine con-
sumption should be implemented in a certain time frame to
prevent the degradation in oxygen delivery to the heart. De-
spite its benefits, finite-time boundedness analysis has be-
come an important and useful method in the stabilization of a
variety of real-world situations [18, 19, 20]. Recently, in [21],
finite time synchronization of CACS with actuator faults has
been investigated.

Motivated by the above facts, in this paper, we took
an attempt to synchronize the diseased system with healthy
system with the help of event-triggered reliable control tech-
nique. Some sufficient conditions which ensures the synchro-
nization criteria has been derived in terms of LMI. Finally the
derived results are verified with the numerical example.

Problem formulation and Preliminaries
The mathematical modeling of the coronary artery sys-
tem is given by

(1
61 = 7I€151 — HQCSQ
09 = —(k1 + 1)nd1 — (ka2 + 1)nda + 7](513 + Ecosvt

where 01(t) and d-2(t) denotes the inner diameter and
pressure of the coronary artery vessel. k1, ks, and E de-
notes the periodically perturbed parameters.

One can remodel the above equation as

(2) On(t) = Gon(t) + Ho(0n(t)) + f(2)
where 05, (t) = [0n1(t) 0n2(t)] denotes the state vector of the
healthy coronary artery system. G and H are constant ma-

trices in terms of k1, ko, and E. ¢(d,(t)) and f(t) stands
for the nonlinear functions.
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The diseased coronary artery system can be defined as
B)  da(t) = Goalt) + Hp(Salt)) +w(t) + v(t)

where 04(t) = [da1(t) da2(t)], (da(t)) and w(t) represents
the state vector, nonlinear vector functions of the diseased
coronary artery system. v(t) denotes the control vector.

Define the error dynamics as ¢ (¢) = d4(t) — 0, (¢). The
error system can be written as

4 <) = GC(t) + He(da(t), 0n(t)) + w(t) + v(t)

where ¢(04(t),dn(t)) = d4(t) — 0p(t). In an aim to syn-
chronize the diseased system with the healthy system, the
event-triggered controller is designed as

(5) v(t) = PM((ty)

where P is the actuator fault matrix and M is the gain ma-
trix to be determined. The Matrix P can be defined as

P = P0+diag{w1,WQ7 e 7w’n}7 |wi S pi17i == 1727 st ,p|
. pi+p.
where Py = diag{pio, P20, »Pno}Pio0 = z 23‘70 <

P, < p; < p;. Simialrly as in [[15]], (5) can be written as

(6) v(t) = PiM;zi(t) + P MG (t — 04(t))
where 0 < ¢,(t) < o(t) and satisfies

7 z(t)0szi(t) < vl (t — o ()0t — o (1))
From(4) and (7) we will get

C(t) = GC(t) + Hp(da(t), (1)) + w(?)
8) + PMZ(t) + PMC(t — o(t))

Assumption 1: Assume that the disturbance w(t) sat-
isfies fotf w'(s)w(s)ds < wy, where wy is a positive con-
stant.

Definition 1: [22] The system (8) is finite time bounded
i sup{CT () FC(i), CT () FE()} < ar — CT()FC(i) <
ap,Vi € 1,2,--- ,ty, where a; < apisascalarand F'is a
symmetric matrix and £y € N.

Lemma 1: [23] For any matrix X € R"*™ X = X1 >
0 differentiable function v from [a,b] — R™, the following
inequality holds:

b
/@T(S)X’()ds
(9) 2 2 2
) X+5X —X+5X —5X
zb_aHT X+mxX -Tx |I
* * X

where II = [ vT'(b) vT(a) ff vl (s)ds

Main Results
In this section, our aim is to design event triggered con-

troller for synchronizing diseased system with healthy sys-
tem.

~Theorem 1: If there exists positive definite matrices,
S, S;, positive scalars and appropriate dimensioned matrices
M with positive scalars ¢, and symmetric matrix £’ such that
the following LMI holds:

(10) U <0

where

2
U(L,1) = 281G + S5 + S5 + 0?GTSG — (X + T-X)
+ S HHTST + KT+ HT' K?0?S4H + 0 HT' K S4,G

+0’PMTS,HK,
2 2

Uy =28 PM + GTS,PM + (X — %X), Uy = %537
V16 =0>G"Sy, V17 =0*GT S PM

Wop=—X — %QX =52, Wa3 =X — %QX, Uy y= %2X,
P33 =—-2X— 2%2X + PTMTS,MP — (1 — p)Ss + O,
W34 = %2X7 U35 = %QX, Uyg=—1"X, V55 = 7%2)(7

2
Uy s = J%X, Uy =PMTS,, Uy =PTMTS,MP,

Vo6 =954 — 01, V7= S,PM, V77 =-0,

pP1 = pmax{sl}ap2 = pnlin{52}7p3 = pmin{53}7
P4 = pmin{S4}7p5 = pmin{SS}

then the system is finite time stable. Furthermore, the gain
matrix is defined as M = Y PS; "
Proof: Consider the following Lyapunov-krasovkii functional,

4

) =>_ G

where -
Gi(t) =97 (1)519(1)

Co(t) = /t o 97T (£)Sa9(t)ds

G(t) = /t;(t)

0 t
Gty =0 [ / 00

97T (t)S39(t)ds

By applying the infinitesimal operator L. on both the sides
of (11)
LC(t) = 207 (£)S19(t) + 97 (1) S0 (t)
— 9T (t — 0)Sa0(t — o) + 9T (£)S309(t)
— (1= 0T (t — o (t))S50(t — a(t)) + o207 (£)S40(t)

(13)
t
— 0/ 97 ()840 (s)ds
t—o

The last term in the above equation (13) can be written as

t . . tfa(t) . .
7/,5, 97 (5)S40(s)ds = f/t 97 (5)S49(s)ds

—0

t
(14) - / 97 (5)S4d(s)ds
t—o(t)
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By making use of lemma 1,

ot . It — o(t)
/ 97T (5)S40(s)ds < It — o)

LT 0(s)ds)

It — o(t)

(15)

and

/t 97 (5)S40(s)ds < It —o(t))
t—o(t) %fia p V(s)ds)
o(t)
It —o(t))

(16)
% ftt—g(t) U(s)ds)

XX1

where

X+2X —X+=X
X, = « X+ X

* *

X

22
~TX
X

_z
2

By utilizing a?ag + agoq < a?al + agaQ, the nonlinear
term can be written as
207 (£)S1FTp(8a(t), (1)) < 9T (£)S,TTT ST V(t)

+ @7 (64(t), 0n(£)) P (8a(t), 61 (t))
(17) <97 (#)[S1TTT ST + K21]9(t)

where K denotes the Lipschitz constant. By substituting (8)
in (13), we will get

o207 (1)S40(t) = o2 [GTOT (t) + HT T (64(t), 61 (1))

+ PTMT2T () + PTMTT (t — o (1)) S4[GC(t)

(18)

+ Hp(64(t),0n(t)) +w(t) + PMz(t) + PMCT(t — o(t))]
By making use of (13)-(18), one can get,

(19)  L¢() + AC(t) — wh (DA w(t) < xT (£)Wx(t)

where W(t) is defined as in the statement of The-
orem 1 and x(t) = [¢T@) Tt — o) (Tt —

o0t T e | cisun st
From (10), it is obvious that ¥ < 0. This implies
L(1) + A¢(t) < w' () Aw(t)
By integrating from 0 to ¢ 7, we have
(20) C(t) < X (0) +wyle —1]

For any symmetric matrix F', consider S; = F~1/28,F~1/2,
From (11), we have
¢(t) > 9T (1) S19(t) > prmin{S1 10T (1) FO(t)

(21) = p9T (H)FI(1)

¢(0) = 97(0)519(0) +/.O 97 (5)S29(s)ds

—0

0 o 0
- .
+/U(t) ﬂT(S)SBﬁ(S)dS-FJ/_U-/G v, (5)5419(3)de11

(22)
0.2
<l[p2+a(ps+ps)+ 705]301

Now by using (20) to (22) we get

1 _
CT(t)F¢(t) < ¢ Mt {py + o (ps + pa)

1

o’ At
+ 5 pslpr —wy[e™ 1]

From the Lyapunov stability theory and Definition 1, the error
system is finite time bounded with the help of event-triggered
reliable control. This completes the proof.

(23)

Numerical Simulations

In this section, numerical example is provided to check
the theoretical results. Consider the coronary artery system
with following parameters:

—0.15 1.7 0 0
G[ 0.575 0.35}’H{0 0.5]’

0 0 ~1 0.5
L:{o 0.36]’6‘1_[—1.5]’6}‘_{ 0 ]

Assume p; = 0.3, p2 = 7,\ = 2 The actuator fault matrix
M is assumed as 0.5. By solving the LMIs obtained from the-
orem 1, the controller gain matrices and triggering matrices
are given by

A — [ 10019 0.0015

| —2.0013 —0.0016 |’
o_ [ 00810 —0.0052

| —0.0052  0.0156

Fig 1 and fig 2 represents the state trajectories of healthy
and diseased CACS. By applying the control gain matrices
in the diseased CACS, the state trajectories of the error re-
sponse in given in figure 3.

Conclusion

In this work, event-triggered reliable synchronization
problem of chaotic coronary artery system was examined.
The designed event triggered reliable controller is intended
to restrict an abnormal cardiac rhythm, which is required
to deliver nourishment and oxygen to the heart at all times
of the day and night, despite unpredictable factors such as
medicine use, emotional changes, and so on. By assum-
ing appropriate Lyapunov Krasovskii functional, some crite-
ria which ensure the finite time synchronization of addressed
system is derived in the form LMI. For validate the theoretical
results numerical simulations are performed.
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Fig. 2. State trajectories of Diseased system
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Fig. 3. State trajectories of error system
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