Chin. Phys. B Vol. 20, No. 7 (2011) 070502

The 77, synchronization of nonlinear Bloch systems via
dynamic feedback control approach®

D.H. Ji¥, J.H. Koo,

S.C. Won®, and Ju H. Park®"

a) Mobile Communication Division, Digital Media and Communications, Samsung Electronics, Co. Ltd.,

416-2 Maetan-Dong, Suwon 443-803, Republic of Korea

b)

Department of Electronic and Electrical Engineering, Pohang University of Science and Technology,

San 31 Hyoja-Dong, Pohang 790-784, Republic of Korea

C)Department of Electrical Engineering, Yeungnam University, 214-1 Dae-Dong,
Kyongsan 712-749, Republic of Korea

(Received 14 February 2011)

We consider an . synchronization problem in nonlinear Bloch systems. Based on Lyapunov stability theory

and linear matrix inequality formulation, a dynamic feedback controller is designed to guarantee asymptotic stability

of the master-slave synchronization. Moreover, this controller reduces the effect of an external disturbance to the %

norm constraint. A numerical example is given to validate the proposed synchronization scheme.
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1. Introduction

Chaos is a very interesting nonlinear phenomenon
and has been studied extensively in the last few
decades.!~13] In particular, chaos synchronization is
attracting great attention because of its various ap-
plications, such as in biology, economics, signal gen-
erator design and secure communication. Various
synchronization schemes appear in the copious litera-
ture, such as variable structure control,'415! observer-
based control,l'% time-delay feedback approach,!”
and back-stepping design technique.!'® These meth-
ods target the synchronization problem for the well-
known chaotic systems such as Lorenz, Chen, Lii and
Rossler systems.

On the other hand, the dynamics of an ensem-
ble of spins which do not exhibit mutual coupling,
except for some interactions leading to relaxation, is
well described by simple Bloch systems. Abergell'?!
investigated the original Bloch systems, in which the
nonlinear effects caused by the presence of a feedback
field are considered. Ucar et al.l2% extended the cal-
culations of Abergel’® and demonstrated that it is
possible to synchronize two of these nonlinear Bloch
systems. These studies are based on the exact knowl-
edge of the parameters. However, it is not easy to
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know the exact system parameters. In this regard, an
adaptive control scheme was proposed which works
without an exact knowledge of all the parameters.2]

In the real world, the occurrence of noise or dis-
turbances that causes instability and poor perfor-
Therefore, it is necessary to

reduce the effects of noise or disturbances to a certain

mance is unavoidable.

acceptable value. In this regard, Hou et al. (22] adopted
I control for the chaotic synchronization problem
using a static output feedback controller. Recently, a
dynamic feedback controller for J#, chaos synchro-
nization has been proposed in Ref. [23].

In this paper, the problem of /7%, synchroniza-
tion for nonlinear Bloch systems with disturbances is
considered. A dynamic feedback controller for syn-
chronization between master and slave systems is re-
ported, with a design based on Lyapunov stability the-
ory and linear matrix inequality (LMI) formulation.
The closed-loop error system is asymptotically stable
and J,-norm is reduced to a prescribed level.

The rest of this paper is organized as follows: In
Section 2, the problem statement is presented and in
Section 3, the master-slave synchronization scheme is
presented for nonlinear Bloch systems with external
disturbances. A numerical example is given to vali-
date the proposed synchronization scheme. Finally, a
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conclusion is given.

2. Problem statement

In dimensionless units, the dynamic model of non-
linear Bloch systems with feedback field!*! is given by

#(t) = 6y(t) + A=(t)[() sin
—y(tycosu - 1,

y(t) = —ox(t) — 2(t) + Az(t)[z(t) cos ¢ (1)
+y(osing] - 29,

£40) = y(0) — Asin(0)a2(0) + (0] - =1,

where §, A and 1 are the system parameters, 7 is the
longitudinal relaxation time and 7o is the transverse
relaxation time. Abergell’?! has investigated the dy-
namics of system (1) for a fixed subset of the system
parameters (J, A\, 71, 72) and for a space area range of
the radiation damping feedback 1. Especially, the re-
gions of the parameter ¢ that would admit chaotic be-
haviour were derived. The parameters which make the
system chaotic are, for example, § = —0.47, A\ = 35,
71 =5, o = 2.5 and ¢ = 0.173. For details of other
dynamic properties of the system, see Refs. [19] and
[20].

We assume that two identical Bloch systems con-
stitute a master-slave configuration. The slave system
with subscript s is driven to the master system with
subscript m. For Eq. (1), the master system is

Fn(t) = Sy (t) + Ao (1) [ ({) sin
~ym(t)cosy] - 220,

G (1) = —8an(t) — 2 (£) + Az (£)[arm (1) cO8
Ham(®)siny] - 2200, )

inlt) = ym(£) — Asin() 22, (1) + 42, ()
() =1

)

T1

and the slave system is

(1) = 6ys<t>( : Nz (£) s (8) sin  — s (£) cos ]
Ts(t

- 7_72 + ul(t) + wl(t),

Ys(t) = —0xs(t) = 25(t) + Azs(t)[2s(2) cos v
( ), (3)

@) sing] — D 4y ) 1+ wn(o),
4 (0) = 1(6) — Asin(W)2(0) 1 1200)
20D ) + w0

where uq (t), ua(t) and uz(t) € #Z are control inputs;
and wi (t), wa(t) and ws(t) € X are external distur-
bances, in which #™ denotes the n-dimensional Eu-
clidean space.

Defining the synchronization error as

then we can obtain the following error dynamics:

é(t) = Ae(t) + f(t) + u(t) + w(t), 5)
y(t) = Ce(t),
where
ex (1) 1 (t)
e(t) = ey(t) |5 u(t) = ug(t)| s
e (t) us(t)
1
wy (1) T 61 0
’LU(t) = ’U)g(t) 5 A £ —6 _7_72 -1 ’ (6)
w3(t) 0 1 ,l
1
[ Azs(t)[zs(t) siny — ys(t) cos ]
N (8) [ (£) i 6 — yia(£) cos 9]
A | Azs(t)[ms(t) cos i + ys(t) sin o]
t) = , (7
T e Olomt) cos v+ gu(®ysing|”

—Asin[x2(t) + y2(t)]
+A SlIl’l/)[ III( )+y12n(t)]

where C € %3 is a constant matrix and y(t) is the
controlled output error.

Next, synchronization,
the following dynamical feedback controller is consid-

in order to achieve %%,

ered:

¢(t) = AcC(t) + Bey(t),

(8)
u(t) = C((t) — £(1),

where ((t) € %3 is the state vector of the controller,
A, € #3%3, B, € #%%% and C, € #°*3 are constant
matrices, in which Z™*™ denotes the set of an m x n
real matrix.

By applying controller (8) to system (5), we have
the following closed-loop system:

ch | A w)
o(t) = B.C A (t) + 0 (9)
£ Az(t) +w(t), (10)
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where @ is the augmented vector.

¢(t)

Definition 1 (%, synchronization®!) Syn-
chronization error system (5) is the %, synchroniza-
tion with the disturbance attenuation -y if the follow-
ing conditions are satisfied:

1) With zero disturbance, synchronization error
system (5) with control input w(t) is exponentially
stable.

2) With zero initial condition and a given constant
~v > 0, the following condition holds:

7= [ W0y -t war <o
0

(i.e. sup ly ()12 < ’y), (11)

w£0,we La[0,00] |W(t)]]2

where the superscript T means the transpose of a
given vector or matrix.

In the next section, we show that controller (8)
guarantees the 7%, synchronization with the distur-
bance attenuation . The ~ is called the J#,,-norm
bound of the controller.

3. Main results

First of all, for symmetric matrices X and Y, the
notation X > Y (respectively, X > Y') means that
the matrix X — Y is positive definite (respectively,
nonnegative).

Now, the design procedure of the controller for
achieving the 4%, synchronization is presented in the
following theorem.

Theorem 1 For given 1 and -y, there exists a dy-
namic feedback controller (8) for error system (5), if
there exist any matrices A, B,C , X and X satisfying
the following LMIs:

X1 X I XCT
* X X CT
> <o, > 0,(12)
x* * =4I 0
—— * I

where % represents the elements below the main diag-
onal of a symmetric matrix and I denotes the identity
matrix with appropriate dimension, and

Y1 =AX+XAT+C+C" +1X,
Y =A+ A" 491, (13)
Yo = XA+ ATX + BC + C"B" + X,

then the J7%, synchronization with disturbance atten-
uation + is obtained by the controller (8).

Proof Define a Lyapunov candidate as
V =z (t)Px(t), (14)

then the time derivative of the Lyapunov candidate
will be

V = 2T (t)P(Az(t) + w(t) + (Az(t) + w(t))T Pz(t)
=z (t)(PA+ ATP)x(t) + 22T () Pw(t). (15)
_ XY
Defining P = , we have
Y"T z
V = zT(t)(PA+ ATP)z(t) + 2(Xe(t)
+Y () Tw(t)
s |parare | X || [a
_ Z(t) + ¥T Z(t) . (16)
w(t) . 0 w(t)

Thus, the inequality (16) is negative definite, we have
vV <o.
Next, a cost function is defined as

J(@(t),w(t) =V +yT (D)y(t) — 7w (w(t). (17)

If V in cost function (17) is substituted to Eq. (16),
then

J(@&(t),w(t)) =V +y"()y(t) - Yw  (Hw(t)

< 0 , (18)
w(t) w(t)
where
PA+ AP+ C
2= T,
L * -1
_ ctco
C = . (19)
0 O

If the matrix P = PT > 0 and there exists a positive
constant 7 satisfying the following condition:

PO
g204|
00
o _ X
PA4+ AP +C +nP
= YT|| <0,(20)
* I
then we have
T T

E(t z(t E(t

@, wi) < | 70| o [P 2|0

w(t) w(t) w(t)
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<= nP 0 Z(t)
00 w(t)
— T —
- z(t) nP 0| |&(t) (21)
w(t) 0 0| |w(t)

Consequently, we have
V|’w(t):0< _nAmin(P)Ha_"(t)HQv Vil_,'(t) 7& 07 (22)

where Apin(+) denotes the smallest eigenvalue of a
given matrix. Eq. (22) implies that the error dynamics
(5) with dynamic feedback controller (8) is exponen-
tially stable for w(t) = 0.

Moreover, to obtain the %, synchronization, in-
equality (21) is integrated from 0 to oo, giving the
following result:

V(o0) = V(0) + /Ooo(|y(t)§ = lw(®)]3)dt < 0. (23)
Obviously, inequality (23) yields
/Ooo(lly(t)llg — 7 lw@®)l3)dt <0, (24)

with an initial condition of zero. Thus, the %, syn-
chronization with the disturbance attenuation +y is ob-
tained by Definition 1.

solve and find the controller parameters A., B, and
C.. Through some variable changes, the stability con-
dition (20) can be solved as convex optimization algo-

XY
rithms. First, let P71 = | _ R then the equality
Y

PP =TI will yield

YYT=T-XX. (25)
Define
XTI I X
In=1|_ = , (26)
YTo oYy”T
then it will follow that
T T X I
Prh=I, It'PIh=I11,= . (27)

I X

If the inequality > 0 is satisfied, then posi-
tiveness of the matrix P is guaranteed.

In order to use the concept of congruence trans-
formation, pre- and post-multiplying the stability con-

. - " I 0
Unfortunately, the derived stability condition (20)  dition (20) by ' 71 then the result is equivalent to
is not in a standard LMI form, so that it is not easy to
|
T T T A T I
I, AN+ 1, AL+ I, CI + Iy I
< 0. (28)
[I X} —2I
Inequality (28) is then rewritten as
AX 4+ XAT+CcYT+YCt + XCTCX +nX
*
*
A+ (XAX+YB.CX + XC. YT+ YA YT+ XCTC +nI I
XA+ATX +YB.C+C"B.,'Y" +C"C +1X X | <0 (29
* —2I
Applying Schur complements[®) to Eq. (29) leads to
AX + XAT+C+CT +nX A+ AT 41 I XcC©
* XA+ATX+BC+C™BT"+nyX X CT
< 0, (30)
* * —2I 0
* * * I
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where
A2 XAX+YB.CX+XCY'+YAY",
B2YB., C2c.Y". (31)

Inequalities (30) and (27) are the stability conditions
and this completes the proof.

Remark 1 For any given solution in Theorem
1, a corresponding dynamic controller in the form of
expression (8) can be obtained as follows:

1) compute the invertible matrices Y and Y sat-
isfying (25) using matrix algebra.

2) Using the matrices Y and Y obtained above,
solve Eq. (31) for A¢, B, and C..

4. Numerical example and simu-

lation

In this section, in order to verify and demonstrate
the effectiveness of the proposed method, we discuss
the simulation result for Bloch systems. In the simu-
lations, the fourth-order Runge-Kutta method is used
to solve the systems with a time step size of 0.001. For
the simulation, the following initial values are used:

2 (0) = 05 0.5 0],

2,(0) = [-05 05 03] (32)

The system parameters are fixed to be § = —0.4m,
A =35, 11 =5, o = 2.5, and 9 = 0.173 which make
the Bloch equation exhibit a chaotic behaviour and
the matrix C'is given by I. The disturbance attenua-
tion v is given by v = 0.1 and the constant 7 is given
by n = 0.1. By using the MATLAB LMI toolbox,?®!
we obtain a feasible solution set of the LMIs given in
Theorem 1 as follows:

X = diag{0.5550, 0.5550, 0.5550},

X = diag{5.1725,5.1725,5.1725},

~52.9512 —1.2566 0

1.2566 —52.9512 -1 |,
0 1 —53.1513

B = diag{—31.0218,—31.0218, —31.1328},

C = diag{—71.4488, —71.4488, —72.4833},

A:

where diag{--- } denotes the block diagonal matrix.
After further calculations using matrix algebra,
Y and Y are obtained as follows:

Y = diag{—1.8706, —1.8706, —1.8706}, Y =1.

Using Y and Y, dynamic feedback controller (8) is
obtained as follows:

—79.2830 —1.2566 0
1.2566 —79.2830 -1 |,
0 1 —79.4830
B. = diag{16, 5835, 16.5835, 16.6428},
C. = diag{—71.4488, —71.4488, —72.4833}.

Ac

The result of numerical simulation without an external
disturbance is shown first. By applying parameters
obtained above to dynamical feedback controller (8),
the synchronization error between the master system
This fig-
ure shows that the synchronization error converges to

and the slave system is shown in Fig. 1.

zero exponentially if there exists no disturbance. In
this case, the control input w(t) is shown in Fig. 2.

1.0

—ea(t)
---ey(t)
05} el
=
<
= O
=
>
N
_~—0.5¢
N
8
Lol
—1.0
_15 i
0 1 2 3

Time

Fig. 1. Synchronization errors without external distur-
bances.

20 A
15

10

w (1), ua(t), ua(t)

Time

Fig. 2. Dynamic control inputs w(t) without external
disturbances.

Next, to observe the 775, performance with dis-
turbance attenuation, Gaussian noise with a mean
value of 0 and a variance of 1 is imposed on the slave
system with zero initial state condition. The con-
trolled error output y(t) is depicted in Fig. 3 which
shows that the %, controller reduces the effect of

the disturbance to a prescribed level v = 0.1.
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B O b ot paci Pt e Pihirionad
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—0.1¢
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0 1 2 3

Time

Fig. 3. The response of the output error y(t) with dis-
turbance signal w(t) and zero initial conditions.

5. Conclusion

The 5%, synchronization problem for nonlinear
Bloch systems is considered. The synchronization be-

(11]
(12]

(13]
(14]
(15]
[16]
(17]

tween master and slave systems is achieved via a dy-

namic feedback controller. The dynamic feedback con-
troller is designed based on Lyapunov stability theory
and LMI formulation. This scheme reduces the S -

18]
9]
[20]

norm from the disturbance to the output error within

a prescribed level.
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