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Adaptive Synchronization for Fractional-order
Biomathematical Model of Muscular Blood Vessel
with Input Nonlinearity

Xiaomin Tian, Zhong Yang

Abstract—In this paper, the adaptive synchronization of
fractional-order muscular blood vessel (MBV) model subject to
input nonlinearity is investigated. The parameters of controlled
systems are assumed to be unknown in advance, moreover, the
effects of model uncertainties and external disturbances are
fully taken into account. On the basis of frequency distributed
fractional integrator model and Lyapunov stability theory, a
robust control law and fractional-order type parametric update
laws are designed to ensure the synchronization. Simulation
results demonstrate that the proposed control scheme can steer
the abnormal muscular vessel into normal orbit with good
robustness.

Index Terms—Adaptive synchronization, Muscular blood
vessel model, Input nonlinearity, Fractional-order nonlinear
system.

I. INTRODUCTION

IOLOGICAL systems are often complicated and highly

nonlinear. Due to many biological systems can behave
chaotically, the research for biological systems based on
chaotic theory has grown significantly over past decades and
became a popular topic.

Muscular blood vessel model is one of intriguing non-
linear biological systems. It has been reported by WHO
that cardiovascular disease is the main cause of death in
developed countries. Particularly, coronary artery lesions are
deemed to be the major reason of heart attacks. Coronary
artery refers to the vessel which supplies the oxygen and
nutriment to the vessel of cardiac muscle and known as
muscle type vessel. Obstruction of coronary artery can leads
to many disease, such as stenocardia, angina, myocardial
infarction, etc. According to the chaotic theory of coronary
artery, the key problem is how to make the biomedical model
of MBV synchronize with a prescribed chaotic system of
a normal vessel. That is, from the medical perspective, the
chaos synchronization means that the state trajectories of the
vessel with pathological changes can be synchronized with
those of the normal vessel, and then the treatment can be
achieved. At present, some researches about the coronary
artery have been reported [1-4].

However, all of above mentioned literatures are only focus
on the integer-order model of MBV. It is well known that
with the help of fractional-order calculus, systems can be
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described more accurately. Lately, Aghababa et al. [5] first
developed the fractional-order model of MBV, and studied
the finite-time chaos control. But, it is worth noting that the
system’s parameters in [5] are assumed to be known. As a
matter of fact, many systems’ parameters cannot be exactly
determined in advance. The chaos control/synchronization
will be not achieved under the effect of unknown uncertain-
ties.

On the other hand, since the presence of input nonlin-
earities can lead to unpredictable and undesirable behaviors,
thus the effect of nonlinear inputs should be considered in
the synchronization of chaotic systems. However, to the best
of our knowledge, up until now, there is no information
available about the synchronization of fractional-order MBV
model with unknown parameters and nonlinear inputs.

Motivated by the above discussions, in this paper, we
design a robust controller to realize the synchronization of
two fractional-order MBV systems with input nonlinearity.
The systems’ parameters are assumed to be unknown in
advance. Moreover, the effects of model uncertainties and
external disturbances are fully taken into account. To prove
the robustness and stability of the proposed scheme, the fre-
quency distributed fractional integrator model and Lyapunov
stability theory are applied. Finally, a simulation example is
provided to verify the effectiveness and applicability of the
proposed control scheme.

II. PRELIMINARIES

The Caputo definition is the most commonly used defini-
tion of fractional calculus.

Definition 1 The Caputo fractional derivative of order «
is defined as

1 t f(‘ln) (7_)
F(mfa)ftu oy dr, m—1l<a<m

o
Gl (), a=m
where m is the smallest integer number, larger than «.

In the rest of this paper, we will use D instead of ¢Dy".

Lemma 1 (see [6]) Consider a nonlinear fractional-order
system

toD?f(t)={ (N

D (t) = f(x(t)) @)

where @ € (0,1). Then the system can be equivalently
converted to the following continuous frequency distributed
model

0z(w, 1)
ot

x(t)

= —wz(w,t) + fz(t))
/ " ) 2(w, )
0

3)
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where p(w) = ((sin(ar))/m)w™*. In above equations,
z(w, t) is the true state variable, and x(t) is the pseudo state
variable.

III. MAIN RESULTS
According to the contribution from Ref.[5], fractional-
order MBV can be mathematically model as follows
DaIl =

[
DJ)QZ

—bx1—cxa
—( A+ 0Nz — (A + cA)za+ Azt +Fcost (4)

where o € (0,1), x; is the change of internal diameter of
vessel, xo is the pressure change of vessel, F cost is the
periodical stimulating disturbance term, b, ¢ and A are system
parameters. It has been proved by Aghababa, when b = 0.15,
c=-17 A= -065 FE =03, w=1and 001 < a <
0.99, system (4) can behave chaotically. Selecting z1(0) =
x2(0) = 0.1, the strange attractor of system (4) for & = 0.99
is shown in Fig. 1.
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Fig. 1. Strange Attractors of System (4) with Different Fractional
Orders

Take system (4) as master system, the slave system with
model uncertainties and external disturbances is described by

D%y —byr —cy2 + Af1(y) + di(t) + d1(ui(t))
D%y, —( A+ 0N)y1 — (A + N ya + A\yd + Ecost
+Afo(y) + da(t) + d2(ua(t)) )

where y = (y1,%2)%, Afi(y) and d;(t), i = 1,2 are model
uncertainties and external disturbances, respectively. u(t) =
(u1(t),uz(t))T is a vector of controller to be designed later.
¢i(u;(t)), i = 1,2 are continuous nonlinear functions inside
the sector [p;1, pi2], pi1 > 0, and satisfying

piat; () < wi(t) e (ui(t)) < pigui (t) (6)

A typical nonlinear input is shown in Fig.2.
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Fig. 2. A Typical Nonlinear Input

Letting B = A+0b\, C = A+c), and subtracting (4) from
(5), it yields

—ber —cea + Afi(y) +di(t) + o1 (ua(t))
—Bey — Ces + Aeq(ef + 3e1x1 + 323) + Afa(y)
+da(t) + da(ua(t)) (7)

Obviously, the synchronization problem between systems
(4) and (5) is equivalently transformed to the stabilization
problem of error system (7).

Our goal in this paper is to design an appropriate controller
to ensure the stabilization of system (7) with unknown
parameters. To make the proposed control scheme more
reasonable and practical, an assumption is given.

Assumption I In general, the model uncertainties, external
disturbances are bounded by

[Afi(y) + di(t)] < 6,

where §; are known positive constants.
Theorem 1 Consider the error system (7), if the system
is controlled by the controller

ui(t) = =&misgn(e;) )

where i = 1,2, & = -, = lex ||+ |e2]] ]+ 01 +kiler] >

0,72 = lex||B| + [e2]|C| + [(e + Beray + 323 )er || A + 62 +
kalea| > 0, k1 and ko are two positive constants.
The parametric update laws are selected as

a
D61:

«
D€2:

i=1,2. (8)

D% = D% = —¢é?

D = D% = —ejeq

D*B = D°B = —e1en

DC = D°C=—¢2

DX = D°A= (e +3e1x1 + 322)eres  (10)

where b =b—b,¢=¢é—¢, B=B-B,C =C-C,
X = )\ — )\ are estimate parameter errors, 13, ¢, B, C’, \ are
estimate values of b, ¢, B, C, A, respectively.

Then the synchronization between systems (4) and (5) can
be achieved.

Proof. According to Lemma 1, system (7) and adaptation
laws (10) constitute the following closed-loop system

W = —wze (w,t) —bey —cea + Afi(y)
+d1(t) + ¢1(ur(t))
el(t) = /0 U(w)zh (w’ t)dw
%;ht) = WZe, (Wat)_B€1_062+)\61(6§+361m1
+323) 4+ Afay) + dao(t) + do(us(t))
e2(t) = /0 (W) ze, (w, t)dw
% = —OJZz(w,t) - €§
b [ st
% = —wzfw,t) —eren

¢ = /Ooou(w)zfcv(w,t)dw
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0z=(w,t)
%T = —wzy(w,t) —erez
B = / p(w)z(w, t)dw
0
0z~(w,t)
c _ 2
5 = —wzgz(w,t) — €3
c = / p(w)zg(w, t)dw
0
Ozy(w, 1)

5 = —wz(w,t)+ (e + 3erzy + 3z7)eres

/0 p(w)z5(w, t)dw

A
Selecting a Lyapunov function in the form of

(1)

V()=Vi(t)+Va(t)+Va(t)+Va(t)+Vs(t)+ Vs (t)+ V7 () (12)

where
W0 = [ e, ) = 52 (w0
V) = [ ahuali i, va(ent) = 52, (w0
) = [ a0, wnlent) = 320
V) = [ w0, nlent) = 320
V) = [ nhusti e, us(ent) = 57 (e10)
) = [ ne)unlent)do, vaent) = 35500
V) = [ uledun(etido, vrlin) = 3200 (13)

Taking time derivative of V'(¢), it yields

o0 6 o0
e d eiﬁd
| e T [ pw)ze, ez

o0 Dz
+/ p(w )z~—dw+
0

V() =

b ot

0z~

+/O u(w)z~ﬁdw+

+/°0() 6zd
wlw 2o —2 dw
0 Aot

Inserting (11) into (14), we obtain

V() = / " )20y [z —ber —cer + Afi (1)

s (0)+on (a0t | Y
—Be;—Ceg+ei(e243ex14+327) +Afa(y)
sdalt)+dalua O+ | )z

,ef]dw+/ pw)zfwazr— eres]dw

0

+/ ww)zghwzg— eleg]dw+/ p(w) x
0 0

z5lweg— 6§}dw—|—/0 u(w)zx[—wzx—i-(ef

+3e121 +3x%)6162}dw

—J+[—b€1—C€2+Af1(y)+d1(t)
+¢1(u1(t))]/0 (W) ze, dw+[ — Bey —Cey
+her(e2 43121 +323) + A fo(y) +da(t)

Us W) Ze, dw—e2 w) zrdw
soa(ua0)] [ @zt [ )z

—6162/ u(w)zzdw—eleg/ p(w)zzdw
0 0

—e%/ ,u(w)za;dw—l—(e?—l—Selxl—}—Sx%)eleg X
0

| nersss

—J+[-be1 —cea+Afi(y)+di(t)
+1(u1(t)]er+[—Bep —Ceg+Aep (€2 4-3ey 14
+323) + A foy) +da () + o (ua(t)) ez —e3b
—e169C — elegé—egé—i—(e%—i—i’)elxl +32%) x
e1eaA

—J —€2b—eres+ (Af1(y) + di(t))es
+e1¢r (ui(t)) — ereaB — e3C

+(e2 4 3e1xq + 35(}%)6162;\ + (Afa(y)
+da(t))ea + e22(u2(?))

J = fooo .u( Jwz, dw + fo
wzvdw + fo wzvdw + fo

z~dw+f0 wzvdw > 0.
Through surveying (6) and (>9) one has

u; ()i (ui(t)) —&imisgn(e;)pi(ui(t))
> paui(t) = pn&in;isgn®(e;) (16)

p%, n; > 0, then

—sgn(e;)di(ui(t)) > nisgn®(e;)

Multiplying both sides of (17) by |e;l,
le;|sgn(e;) = e;, then we obtain

eidi(ui(t)) < —niles

Substituting (18) into (15), using Assumption 1, we have

(15)
where
fo°°
Io

(w wzfzdw +
2
(Wwzzdw +
B

since &; =
(17)

according to

(18)

V(t) < —J+|ed|[b|+|ereal|é|+1]er|—miler| + |erez]| B
He ||Cl+[(eF + 3ermy + 227 )erea||A|
+ialea| —n2lez]

= —J—kie? —kge2 <0 (19)

According to Ref.[6], we known that system (7) is asymp-
totically stable, thus, the proof is completed.

IV. SIMULATION EXAMPLE

In this section, some simulation results are provided to
demonstrate our theoretical results. Take the system (7) as
the controlled system. Let o = 0.99, the unknown parameters
b=0.15, ¢ = —0.17, A = —0.65, the initial conditions are
randomly chosen as z(0) = 0.1, (0) = 0.2, b(0) = 0.1,
¢(0) = 0.1, B(0) = 0.11, C(0) = 0.11, A(0) = 0.1. The
model uncertainties and external disturbances as follows

Afi(y) + di(t)
Afa(y) + da(t)

—0.01 cos(y1t)

—0.01 cos(yat) (20)
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the nonlinear inputs are

0.1099
0.1098
0.1097
0.1096
@i (u;(t)) = [1 — 0.5 cos(u;(t))]u; (t), 1=1,2. (21) o
0.1094
0.1093
0.1092 |
clearly, p;1 = 0.5, §&; = 2. According to Theorem 1, select o001
the positive control constants k1 = ko = 2, the controller and L T T
parametric update laws can be designed. When the controller ©
is activated, we can obtain the desired state trajectories of oo
system (7), meanwhile, for observe the control effect of the 01008
proposed control strategy, the state trajectories of master (4) 01097
and slave system (5) are also shown, the simulation results 0109
are presented in Figs. 3, 4 and 5. o085
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0.1
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Fig. 4. Time Response of Estimate Parameters in Error System (7)
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A
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Fig. 3. State Trajectories of Error System (7) with Controller osf
Activated
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00996 Fig. 5. State Trajectories of Master (4) and Slave System (5) with
00995 Controller Activated
0.0994
50008 From Fig. 2, we can see that all error states asymptotically
00ss2 converge to zero, which implies that the designed controller
e is applicable. In Fig. 3, it is obvious that all unknown
= et parameters gradually converge to their actual values, which

implies that the proposed parametric update laws are correct.

(Advance online publication: 28 August 2018)



IAENG International Journal of Computer Science, 45:3, IJCS 45 3 08

In Fig. 4, which can be seen that the master and slave system
can reach synchronization asymptotically. All simulation
results demonstrate the effectiveness and feasibility of our
control scheme.

V. CONCLUSION

This paper researched the synchronization of fractional-
order MBV systems with unknown parameters. The effects
of model uncertainties, external disturbances and nonlinear
inputs are fully taken into consideration. The frequency dis-
tributed model of fractional integrator and Lyapunov stability
theory are applied to prove the asymptotic stability of closed-
loop system. Simulation results have verified the correctness
and applicability of the proposed synchronization scheme.
Since our results are very useful to both bioengineering and
medical science, we believe that there is high potential in the
proposed approach.
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