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Controllability of fractional-order Chua’s circuit”
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The ultimate proof of our understanding of nature and engineering systems is reflected in our ability to control them.
Since fractional calculus is more universal, we bring attention to the controllability of fractional order systems. First,
we extend the conventional controllability theorem to the fractional domain. Strictly mathematical analysis and proof
are presented. Because Chua’s circuit is a typical representative of nonlinear circuits, we study the controllability of the
fractional order Chua’s circuit in detail using the presented theorem. Numerical simulations and theoretical analysis are

both presented, which are in agreement with each other.
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1. Introduction

As we all know, observability, controllability, and stabil-
ity are important issues for most researchers. The controllabil-
ity of dynamical systems is widely investigated in the design
and analysis of a control system./!-8] From a control engineer-
ing point of view, a dynamic system is controllable if it can be
driven from any initial state to any desired final state within
finite time with a suitable controller.[’! Additionally, the non-
linear circuit is also an important research field.

Fractional order models of real systems are often more
adequate than the usually used integer order models in sci-
ence and engineering because the fractional derivative is more
universal. Recently, interest in fractional calculus has expe-
rienced rapid growth and we can find many papers about its
theory and applications in mathematics, physics, mechanics,
information engineering, electronic engineering, and control

g.[19-171' A5 for the controllability of a fractional or-

18-20]

engineerin
der dynamical system, there are some published papers.!
However, we cannot find any contribution to the controllabil-
ity of fractional order circuits, to our best knowledge, although
it is also an important research field. Chua’s circuit is a typical
representative of nonlinear circuits, which is shown by lots of
previous investigations.[?1-33]

Motivated by the above discussion, we firstly extend the
conventional controllability theorem to the fractional domain.
Strictly mathematical analysis and proof are both presented.
Furthermore, we study the controllability of a fractional order
Chua’s circuit in detail using the presented theorem.

This paper is organized as follows. Section 2 illustrates
basic concepts of fractional calculus. In Section 3, the neces-
sary and sufficient conditions of controllability are presented.

DOI: 10.1088/1674-1056/24/3/030203

In addition, the controllability of a fractional order Chua’s cir-
cuit is analyzed in detail. The correctness of the theoretical
analysis is confirmed by the numerical simulations in Sec-
tion 4. Conclusions and discussion in Section 5 close the pa-

per.

2. Preliminaries
2.1. Basic concepts of fractional calculus

For fractional calculus, researchers have presented many
fractional multiple definitions, which include the Riemann—
Liouville, the Grunwald-Letnikov, and the Caputo definitions.

Definition 1 The Riemann—Liouville fractional deriva-
tive of function f(¢) with respect to 7 is given by

d*f(t) 1 dm /’ f(1)
o (t—

At T(m—a) dem

where m is the first integer larger than o, i.e., m—1 < & < m,

perdn O

and I' is Euler’s Gamma function, which is defined as
I'(z) = / e 'r"ldr, Re(z) > 0. )
JO

Definition 2 The Caputo fractional derivative of a con-
tinuous function f : R™ — R is defined as follows:

L
dof(r) F(m—a)/o (r—g)omil dr,
dr® - mm71<(x<m7 (3)
(t)v o =m,

drm
where m is the first integer larger than «.
The Laplace transform depression of Eq. (1) is

L{ Sl } = s“L{(1)} —Z;l)sk [dd,kfff)} @
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When fi(t)|;=0 =0, (i =0,1,...,n), we obtain

{0 =,

Additionally, the additivity is effective for fractional cal-

culus, which can be described as

D7 (Af (1) + 1g(t)) = 2aDF*f (1) + taDf*g ().

2.2. Fractional capacitor and inductance

Westerlund®*! presented the model of fractional capaci-
tor, which is

I(t)=C d’:t/( )

=DV (1),

where C is the capacitance, V() is the voltage, and m is the
fractional order, which is a constant depending on the wastage
of the capacitor.

Similarly, he also presented fractional order inductance as

Ld'”I(t)

V()= 5

= LoD!"I(1),

where L is the inductance and m is related to the proximity
effect.

3. Controllability of fractional order Chua’s cir-
cuit
3.1. Theoretical analysis

A fractional order linear system usually can be described
as

D*X (t) = AX (t) + Bu(t), 3)

where D% is the Caputo fractional derivative operator, 0 <
o < 1; wu(t) is the system input; the vector X (¢t) =
(x1(2),...,x,(¢))T is the state of each node; and matrices A
and B are the system matrix and the input matrix, respectively.

The controllability matrix of the fractional order linear
time-invariant system is

Q.=[B AB --- A"'B].

We can judge the controllability of the fractional order
linear time-invariant system by the rank of the controllabil-
ity matrix. If rank(Q.) = n, the fractional order linear time-
invariant system is controllable, otherwise uncontrollable. We
give strictly mathematical proof in the following contents.

1) Sufficiency We assume that the final state is the orig-
inal point of the state space, and #yp = 0. Equation (5) can be
rewritten by the Laplacian transformation as

s X (s) —s*1X(0) = AX (s)+BU (s).

Thus, we obtain

X (s) = (s*T — A)" %1 X(0)+ (s*T — A)"'BU(s).

Using the inverse Laplace transformation, we have

X (1) = L7 [X(s)]
= Eq1(A1%)X(0)

+/Ol(t

Because the system is completely controllable, we have

7)* 1 Eg oAt — 7)%|Bu(t)dT.

X (1) = Eq.1(Atf) X (0)

+/ tr—7T

“1Ey Aty — 7)%Bu(t)dt

or
If
Ea (A2)X(0) = = [ (= 0)" ' Ea.al A~ 7)")
g BU(IE4) Ak k
_ oy (A & A 6
Eqo(Atf) = ;Or‘(akJra I'ak+ ) ©

; ock—I—a

From the Cayley—Hamilton theorem, any square matrix should
meet its characteristic equation. Since A is an n X n square
matrix, we have

P(s) =detAT — A) ="+, 15" '+ + oys+ 0.
Thus, we obtain
P(A)=A"+0, (A" '+ f oA+ ol =0.

From the Cayley—Hamilton theorem, we can obtain

an

Equations (6) and (7) can be combined to yield the following

o(k+1)—

1 Eg o(At%) Z )- Ak (7)

INak+ )

equation:

n—1 ty
Eq1(Aff)-X(0)=—) A*B- A Mk(1f — T)u(t)dT. (8)
k=0

Let o (s — T)u(t)dT = %, we have
q == Ea’l (Atta) . X(O),

where q is an n X 1 vector. So we have

Y

n—1 . O "
=-Y A*By,=—-[B AB --- A"'B]-| _ |. 9

k=0 .

Yn—1

If the system is fully controllable, for any initial

state X (0), the sufficient and necessary condition for
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Eq. (9) to have a unique solution is that the matrix
[B AB A’B A" B] has full rank, which means
its rank is n.

2) Necessity Now that the known condition is that the
system is fully controllable, we will prove rank(Q.) = n.
Here, we will use proof by contradiction.

First, we assume that rank(Q.) < n; that is, each row of
Q. is linearly correlated. So, there is 33 € R”, 3 # 0 meet-
ing 8TQ. = B'[B AB A" B] = 0, which means
BTA'B=0,i=0,1,...,n— 1. From the Cayley—Hamilton
theorem, we have BTA'B =0, i=0,1,2,... Thus, we obtain

ﬁTAiBtai+a71

=0, i=0,1,2,...
INai+ao) TR

And we have BT®g o(1)B = 0. That is 8T [j! @q o (1) BBT
Dy, o(1)dep = BTW,[0,1]8 = 0. Because 3 # 0, We[0,1] is
singular. From the Gram controllability theorem, the system is
not controllable. Obviously, there is a contradiction between
the conclusion and the known condition. Therefore, the proof
is completed.

According to Refs. [35] and [36], we know that the
Kalman rank condition is equivalent between the fractional or-
der systems and the integer order systems. The controllable
condition is applicative for arbitrary order. Therefore, the suf-
ficient and necessary controllable condition of the fractional
order system is the rank of Q. = [B,AB,..., A" 'Blisn (n
is the dimension of matrix A), that is rank(Q.) = n.

3.2. Controllability of Chua’s circuit

Chua’s circuit is a famous nonlinear circuit, which has
lots of fluent nonlinear dynamic phenomena. From Fig. 1, we
can obtain the system equation as

Va(t) = V()

R,
RAUEZ
=,

C]UD?IV] (l‘) +INR(Z‘) =

CooD™Va (1) — 1(t) — (1) (10)

LioDP1(t) +Va(t) +RLI(t) = 0.

Equation (10) can be rewritten as
1
D/'Vi(t) = —[Va(t) = Vi (t)] — ——
IDIVA() = G V() = V()]

DPVa(e) = (1)~ Valt)] + =,

P = ) )

where there is a nonlinear resistance (NR), whose voltage cur-
rent characteristic f (Vi(¢)) is

Inr(t) = fF(V1(2))
= GVi(0) + 5 (Ga—Go) (VA (1) + Bl — Va(r) — Bl).
(12)

i i R, INR

» » VWA >
. Vs Vi
S”°L,

\ 4 \ 4
X/ LN/ []w
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NN
T
B, I
Gy,
(b)

Fig. 1. (a) Diagram of fractional order Chua’s circuit. (b) Voltage current
characteristic of NR.

Let x =V,/Bp, y = V2/Bp, z = I1./BpG, a = C,/C},
B =C/(LiG%), v = GR/(LG), m| = Gv/G, my = Ga/G,
T=1G/C,, and u = I,/BpG. Equations (11) and (12) can be
rewritten as

oD x(t) = e (y(t) —x(r) = f (x)),
oD2y(t) = x(t) — y(t) +2(t) +u(r), (13)
0Dz(t) = =By(t) — vz(t),
and
f(x) =myx(t) + %(mo —my) X (|x()+1|—|x(r) —1]). (14)
Equation (14) can be rewritten as
mux(t) + (mo —my), x(t) > 1,
f(x) =< mox(z), —1<x(r)<1, (15)

mix(t) — (mg—my), x(t) < —1.

For simplification, we set x(t) = x1(¢), y(t) = x2(¢), z(t) =

x3(t). Equation (13) can then be written as
D'X = AX + Bu+C, (16)

where A, B, and C are the system matrix, the input matrix,
and the constant matrix, respectively. More specially,

[—a(1+m) a 0O
A= 1 11|,
0 -B-v
[ o (mg —my)
C= 0 for x(¢) > 1;
0
o(mp—2m—1) a 0
A= 1 11|,
0 B —r
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0
C=|0| for —1<x(t) <1,
K
[—a(1+m) a 0
A= 1 11,
0 —B —r
_7(X(m07m1) 0
C= 0 for x(1) < -1, B=| 1
0 0

Therefore, from the controllability theorem of a fractional
linear system, we can obtain the following results. 1) When
x(t) < —1orx(¢) > 1, if and only if a(m; + 1) # y+2, the
fractional Chua’s circuit is controllable, otherwise the frac-
tional Chua’s circuit is uncontrollable. 2) When —1 < x(r) < 1,
if and only if ot(mo —2m; — 1) # 2+ v, the fractional Chua’s
circuit is controllable, otherwise the fractional Chua’s circuit
is uncontrollable.

4. Numerical simulation

In order to verify the controllability of the frac-
tional Chua’s circuit when oa(m; + 1) # y+ 2 and
o(mo—2my—1) #£24+7y, we set @ =10, § =10, y=10.2,

—80 . .
0 500 1000 1500 2000
Time
N
—u=5
—u=25
—u=45
—200 - : .
0 500 1000 1500 2000
Time

q1=0.98,¢9,=0.8,q3 =0.94, my = —1, and m; = —0.9. The
initial values of the system (x(0),y(0),z(0)) is (—2,1,—1).
We set the input u(r) as 5, 25, and 45 to study the controlling
effect of the input u(¢) on the system. The numerical simula-
tions with different controllers u(¢) are presented in Fig. 2.

Figures 2(a)-2(c) are the time waveforms of state vari-
ables X, Y, and Z, respectively. Figure 2(d) is the phase orbit
of state variables X, Y, and Z. From Fig. 2(a), we know that
the state variable X can be driven from initial state —2 to dif-
ferent finial states 2, 8, and 12, respectively, by changing the
input u(¢). For different inputs u(¢), as shown in Fig. 2(b), the
state variable Y can also be driven from initial state 1 to differ-
ent finial states 0.1, 0.5, and 1.1, respectively. Similarly, the
state variable Z can be driven from initial state -1 to different
finial states —8, —30, and —55, respectively. More specially,
Figure 2(d) reveals the trajectories of state variables X, Y, and
Z under the variations of the input u(t).

From the above analyses, we can easily obtain different
final states by changing the controller u(z), which perfectly
shows the controllability of the fractional order Chua’s circuit

system.

—— u=2>5
u=25
— u=45
0 500 1000 1500 2000

50 (d) ~
0 e

_50 H N
—~100 DR JE AN
—150 RN 738
—200 . N

100 ————

0
100 - 20

Fig. 2. (color online) The response of system state with different controllers u(z): (a)—(c) time waveforms of state variables X, Y, and Z; (d) phase orbit of

state variables X, Y, and Z.

5. Disscussion and conclusion

In this paper, we extend the conventional controllability
theorem to the fractional domain by using strictly mathemati-
cal analysis and proof. Since Chua’s circuit is a typical repre-

sentative of nonlinear circuits, we study the controllability of

the fractional order Chua’s circuit in detail using the presented
theorem. Numerical simulations and theoretical analysis are
both presented, which are in agreement with each other.

We have proved that the Kalman rank condition is equiva-
lent between the fractional order systems and the integer order
systems. In addition, the controllable condition is applicative
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for arbitrary order. This is the foundation of research on the

fractional order circuit with arbitrary structure. In the future,

we will study this question and further develop the controlla-

bility theory of the fractional order circuit.
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