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Abstract

The conception of memristor lead to a new approach in nonlinear circuit design. In
this paper, the compound synchronization of the fourth-order memristor oscillator is
studied. The proposed scheme of compound synchronization is described by three
drive systems (a scaling drive system, two base drive systems) and one response
system. The version of synchronization is advantageous in circuit application due to
the novel structure. As a generalization of the obtained results, secure
communication via compound synchronization is discussed in detail.
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1 Introduction
Recently, lots of nonlinear memristor oscillators based on Chua’s circuits have been pro-
posed [1-10]. The feature of pinched hysteresis in memristor oscillators has directed a
lot of attention to this exciting field. In these circuit implementations, the conventional
Chua diode is replaced by nonlinear memristors. The analytical and emulational results
demonstrate unprecedented phenomena in the field of memristor oscillators, which may
represent a new paradigm in the theory, design and application of electronic circuits [1-
4, 6, 8, 10]. The unprecedented phenomena have successfully been applied into chaotic
circuits, sensitive control systems, etc. [4, 6, 8]. Many researchers are exploring a vari-
ety of technologies to accelerate the development of memristor oscillators. The nonlinear
characteristic of memristor inhibits the complexity of the analysis [11-13]. A number of
scholars are rethinking new theories, techniques and methods to analyze and investigate
such two-terminal passive element. With the flourishing applications, they had to uncork
new bottlenecks.

Based on the works in [4] and [6], in this paper, consider a fourth-order memristor os-
cillator with its dynamics described by the following equations:

@(t) = (2),

n(t) = ﬁw(t) - ﬁvl(t) - C%W(qo(t))vl(t),
(t) = ﬁw(t) - ﬁ"z(t) - éz(t),
(1) = 1va(t),

1)

where v;(£) and v,(£) denote voltages, C; and C, represent capacitors, W(¢(t)) is mem-
ductance function, ¢(t), £(¢), R, and L are magnetic flux, current, resistor, and inductor,
respectively.
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Using the mathematical model of the cubic memristor [1, 2, 8], the memductance func-
tion is given by

W (¢(2)) = a + 3bep(t)?, (2)

where a and b are parameters. Similarly as in Reference [4], 2 and b denote slope. Accord-
ing to the characteristic of the two-terminal memristor circuit (see, e.g., Itoh and Chua [4],
p-3184, p.3185), the values of 2 and b could be positive or negative.

The synchronization of memristor oscillator plays an important role in chaos control
and its application [8, 11]. We notice that synchronization of complex systems and complex
networks has received significant attention [14—49]. In particular, complete synchroniza-
tion [11, 14—18], anti-synchronization [19-24], phase synchronization [16, 25-27], lag syn-
chronization [17, 28—36], projective synchronization [17, 37—45], and combination syn-
chronization [46, 47] have attracted phenomenal worldwide attention in view of many
potential applications. On applying the memristor oscillator to secure communication,
the typical approach is to transmit the information signal by means of one chaotic sys-
tem. This way is a simple approach that can be used in some cases, but definitely not in
all. An optimal design of secure communication via the memristor oscillator needs to im-
prove the complexity level of the driving signal and the modulation scheme used. Can we
compound multiple memristor oscillators to transmit the information signal? With such a
target in mind, it would be extremely helpful to develop some effective methods capturing
the behaviors of distinct memristor oscillators, in order to strengthen the security of com-
munication. Meanwhile, theoretical investigation can help to interpret the experimental
observations and predict complex circuit behavior.

Motivated by the above discussions, based on some ideas borrowed from the compound
design approach [8], our aim in this paper is to explore the compound synchronization of
the fourth-order memristor oscillator (1). Some new and effective synchronization criteria
are proposed for fourth-order memristor oscillator (1). The derived results show that the
compound synchronization is an efficient solver for chaos control and its application. In
fact, the compound synchronization is capable to capture a wide class of memristor dy-
namics. In the scheme of compound synchronization, the drive systems are divided into
two categories: scaling drive system and base drive system, which is entirely different from
the conventional synchronization scheme. The scheme of compound synchronization is
then successfully extended to the study of secure communication.

The remaining part of this paper consists of four sections. Section 2 describes some
preliminaries. The main theoretical results are stated in Section 3. Secure communication
via compound synchronization is given in Section 4. Finally, concluding remarks are made
in Section 5.

2 Preliminaries

It is useful to first introduce the scheme of compound synchronization that is needed later.
Generally, compound synchronization is based on a scaling drive system, multiple base

drive systems and one response system. In some engineering applications and hardware

implementations, compound synchronization constituting of a scaling drive system, two

base drive systems and one response system is usually considered. Figure 1 describes a

schematic of compound synchronization scheme. In fact, compound synchronization has
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Figure 1 A schematic of compound synchronization scheme.

its particular physical meaning. For example, in Figure 1, the scaling drive system scales the
synthetic signals of two base drive systems, generating resultant signals, then the response
system tracks the resultant signals.

Next, we give specific mathematical descriptions of compound synchronization scheme.

Consider the scaling drive system

X1 =h00). (3)

The two base drive systems are given by

X2 = fo(x2), (4)

X3 =f3(x3)s (5)

and one response system is described by

Xa =fa(xa) + u, (6)

where we have the state vectors x1 = (xu, 12> X1a)'» X2 = (X21 X225+ » Xan)T» X3 =
(X315 X325+ -+ XBn)T¢ Xa = (Xalr X425 -+ > X4n)T’ the vector functions fi (), 4(-), 3(-), fa() : R —
R, and u = (uy, U, ..., )T TR X R X - x R — N is the appropriate control input

that will be designed in order to obtain a certain control objective.

Definition 1 The drive systems (3)-(5) are said to compound synchronize with the re-
sponse system (6) if there exist n-dimensional constant diagonal matrices A, A, A3, and
Ay #0 such that

lim [l = lim |A1X1(A2Xs + A3X3) — AsXa| =0, 7)
t—+00 t—+00
where || - || is the vector norm, and e = (e}, es,...,e,)” is the synchronization error vector;

we have X; = diag(xu1, 12, - -» X1n)» X2 = diag(xa1, X22, - -» X2n)» X3 = diag(x31, X325+ -» X3n)s
X4 = diag(x‘Ll’ X425+ X4n)~
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Remark 1 As stated earlier, according to Definition 1, the physical implication of com-
pound synchronization is rather intuitive. The synthetic signals of two base drive systems
(4) and (5) are scaled via the scaling drive system (3), then the response system (6) tracks
the resultant signals of drive systems (3)-(5).

Remark2 In Definition 1, matrices A;, A,, A3, and A, are often called the scaling matrices.
It is not hard to find that compound synchronization contains the multiplication of the
scaling drive system and multiple base drive systems. Moreover, the drive systems in the
scheme of compound synchronization can be completely identical or different.

Remark 3 The scheme of the compound synchronization is an improvement and exten-
sion of the existing synchronization schemes in the literature. When the scaling matri-
ces A; #0, Ay = 0 or A; = 0, the compound synchronization will degrade into a kind of
function projective synchronization. When the scaling matrices A; = 0 or Ay = A3 =0,
the compound synchronization will change into chaos control. In addition, if the scal-
ing drive system (3) is removed, then the compound synchronization will be reduced to
combination synchronization. If the base drive systems (4) and (5) are removed, then the
compound synchronization will be reduced to complete synchronization.

3 Theoretical results
In this section, we are in the position to investigate our main theoretical results.
From (1) and (2), it follows that

@(t) =ni(2),
n(0) = ggvat) - gpn®) - C%vl(t) - 2900, ®)
V2(t) CZR (t) Czsz(t) (t)!
£ = 7v2(2).
By merging similar items,
Kﬂ=m@
n(t) = ggva(0) - [CIR En(e) - 2o (), ©)

V2(t) CZR (t) C2R (t) - C%e(t)!
£(t) = 1v5(t).

In order to facilitate discussion, we would need to make a rewrite for (9). Let x11(¢) = ¢(¢),

x12(2) = vi(£), 213(8) = va(t), x14(£) = £(2), o1 = ﬁ: oy = @ + a; o3 = ?é—lj, oy = ﬁ, o5 = CLZ,
g = %, then (9) is equivalent to

X11 = X125

; 2

X12 = 01X13 — 02X12 — O3X71X12, (10)
X13 = 0gX19 — 04X13 — O5X14,

X14 = XeX13.

Remark4 System (9) is a vectorization system. To facilitate the discussion, by abandoning
dimension, in the subsequent discussion, we will study the rewritten system (10). Mean-
while, since C; and C, represent capacitors, R denotes resistor, L denotes inductor, the
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Figure 2 Dynamics of Lyapunov exponents from the fourth-order memristor oscillator.

values of o, @4, o5, and o must be positive numbers. Generally, as the most characteris-
tic feature of the two-terminal memristor circuit (see, e.g., [toh and Chua [4], p.3184), the

slopes a and b are positive numbers, then the values of oy and a3 are also positive.

Choosing the parameters o; = 16.4, ay = 3.28, a3 =19.7, s = 1, a5 = 1, a6 = 15, the
initial state x1;(0) = 0, x12(0) = 0, x13(0) = 0, x14(0) = 0.02, by means of a computer pro-
gram of MATLAB, the corresponding Lyapunov exponents of system (10) are 0.019005,
0, —0.213441, —28.032608. The numerical result is described in Figure 2. Clearly, there
is one positive Lyapunov exponent, which implies that system (10) is chaotic. In fact, sys-
tem (10) indeed generates chaotic behavior. Using MATLAB, we get the results shown in
Figure 3.

Remark 5 Sun et al. [8] have discussed the compound design of memristor chaotic oscil-
lator system and obtained some interesting results. In [8], the memristor oscillator model

is based on the circuit model in [2]. Thus, the scaling drive system is as follows:

i =y,

J12 = Q1913 + 02912 — Q3Y51 V125
Y13 = Y12 = Y13 + Y1a,

Y14 = —04)13 — O5)14-

By comparing the scaling drive system in [8] with the scaling drive system (10) in this pa-
per, it is easy to find that the scale factors on the third equation of the scaling drive system
in [8] are not imported. Conversely, in this paper, the introduced memristor oscillator
system is based on the circuit model in [6], the scale factors are fully considered. What
is more, the circuit of (1) has more superior structure performances than the memristor
chaotic oscillator system in [8]. And then the scaling drive system (10) in this paper has
more a comprehensive and practical meaning. In fact, these scale factors play a significant
role in the design and implementation of the control scheme.

Page 5 of 16
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Figure 3 3D Projections of the attractor from the fourth-order memristor oscillator.

Considering (10) as the scaling drive system, according to compound synchronization
scheme, obviously, we can choose the first base drive system described by

X1 = %22,
. 2
X3 = Brxaz — Baxan — B3x %22, an
%23 = Baxoy — Baxoz — Psxoa,
%24 = BeX23,
the second base drive system is given by
X31 = %32,
; 2
X32 = Y1X33 — Y2X32 — V3X31X32, (12)
%33 = YaX32 — YaX33 — V5X34,
X34 = V6¥33,
and the response system is described by
K41 = X2 + Uy,
: 2
X4 = N1X43 — N2Xa2 — 13X X402 + U, (13)

X43 = NaXao — NaXa3 — N5Xag + U3,

X44 = NeXa3 + Uy,

Page 6 of 16
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where B1, B2, B3, Bar Bs> B> V1> V2r V35 Var V55 Ver 1y 12, 1135 Nas 15, and ne are parameters,

and u;, uy,

us, and u, are the control inputs to be designed.

In our synchronization scheme, denote A; = diag(amn, a2, d13,a14), A = diag(an, az,

az3,ana), As = diag(asy, asy, ass, asq), and Ay = diag(aar, dao, das, das), thus

e1 = anxi(@unxor + d31%31) — da1Xa1,

ey =
e3 =

€4 =

a12%12(@20%02 + A32%32) — AarXar,

Obviously, we have

ey =

(14)
a13%13(@23%23 + A33%33) — A43X43,
A14%14(A24%24 + A34%34) — A4aX44.
e1 = anku(@nxo + azxsl) + anxi(@aor + dzi®s1) — dakai,
a1p%12(A20%02 + A32%32) + A12%12(A20%02 + A32%32) — AarXar, (15)

é3 =

ey =

a3%13(@23%03 + A33%33) + A13%13(A23%03 + A33%33) — Aazkas,
14714 (@2a%04 + A34%34) + A14%14(A2a%04 + A34%34) — AsaKaa.

Combining with (10)-(13), the synchronization error system (15) can be transformed

into the following form:

éy =

é3 =

ey =

1 = anxia(duxor + az1x31) + anxn(da1Xy + dz1%32) — da1 (Yao + 1),

ap(ax3 — oaxy — an%1x12)(422x22 +d3%32)

+ ayx12[azy (Bixas — Baxas — B3x3ix02) + Az (Yi%33 — VaXsy — ¥3X3,%32)]

— a4 (MX43 — NaXa2 — 7739642;1?642 +U3),

ar3(@ax1 — 0taX13 — A5X14)(A23%23 + A33%33) (16)
+ ai3x13[a3(Baxay — Baxoz — Psxaa) + azs(Vaxsy — YaXss — Y5x34)]

— a43(NaXay — NaXa3 — N5X4q + U3),

A1406%13(A24%04 + A34%34) + A14%14(A24 B6X23 + A34V6%33)

— ag4(NeX43 + Ua).

Theorem 1 The drive systems (10)-(12) compound synchronize with the response system

(13) if the control input is designed as

uy =

Uy =

Us =

Uy =

i [anxn (@anx2n + azxsy + anxo + azixs) + anxiz(@axo + azixs)

+ o apX(anx + azxs) — Maiaxia(A2aX2q + a34%34)

— (a1 + 1a42)%a2 + MAs4Xaa],

i((a —ay[anxi(anxa + azixs) — asixa)

+ [@1ax12(a02%02 + A32%32) — A42X42]

+ o [a13x13(A23 %23 + A33%33) — A43%43]),

i (© — ax[anpxin(@rsa + azxss) — asx] 17)
+ [a13%13(a23%03 + A33%33) — A43%43]

+ ot3[a14%14(A24%24 + A34%34) — A44%a4)),

ﬁ [manxn(anxa + asixs) — azaizxiz(az3xaz + azxsz)
+ 06 a14%13(@24%04 + A34%34)

+ a14x%14(BeA24%23 + A24%04) + A14%14(V6A34%33 + A34%34)

— MA4 X1 — 04A43%K43 — N6A44X43 — Aaa¥aa],

Page 7 of 16
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where

O=ap (Ollxls — X712 — a3x%1x12)(“22x22 + d3oX32)
+ anaxia[azs (Bixas — Boxaz — Baxyy22) + asa(ViXss — varsz — V3xg %) |
— A42M1X43 + A4212X472 + A4 7739642;19642,
O = a3(aanny — a3 — osx1a) (A23%23 + A33%33) + A13x13[ das(Baxz — Bakas — Poxza)

+ ass(yaXss — Vakss — Vs¥34) | — dasNaan + dazNaias + Aa3NsXas.
Proof For simplicity, we rewrite system (16) as follows:

e) = 81 — dqX4 — dq iy,

s = 2
€y = Sip — A4M1X43 + A4212X42 + A4213X 41 X4 — A4U3,

(18)
€3 = &3 — A4314X42 + A437)4X43 + A431]5X44 — A43U3,
€4 = By — AasNeXa3 — Aaalis,
where
E1 = auxia(anxo + dzix31) + anXiu(daxn + dz1x32),
By = f1%12) ( )
& = d1p(0X13 — 0aX12 — 03X 1X12 ) d22X2) + d32X32
2 2
+ d1aX12 [6122 (,319623 — Baxoa — ,3396219622) + a3 (less — Y2X32 — )’396319632)], 19)
19

]

B3 = arz(axiy — aaX13 — as5x14) (@23%03 + d33%33)

+ ar3x13[ azs(Baxaz — Baxas — Poxoa) + ass(Vaxsz — VaXss — Vsaa) ],

=

B4 = a1a0eX13(@2a%04 + A34%34) + a1ax14(a24 PeX23 + A34Y6%33).

Consider the following Lyapunov function:

1
V(e(t)) = Ve, e, e3,e4) = 5 (ef ey e+ ei).
Calculating the upper right Dini derivative of V along the trajectory of (18), we have

D'V = elél + ezéz + egég + e4é4
_ =) = 2
=e1(E1 — auXar — amtn) + ex(Eo — AaaXas + daofoXan + A4213X41X42 — A42U2
+e3(83 — da3NaXay + A430a%a3 + A4315%aa — A43U3)

+e4(By — a4aneXa3 — asats). (20)

On the basis of (17), by direct computing, we have

=

E1 — dq1Xqy — dq ] = —€] — 1€y + 11ey,

- 2

Sy — Ag2M1X43 + A4aM2X42 + A421)3X41X42 — AgoUy = —€3 — Q€3 + A1 €1, (1)
21

©

B3 — d4304Xg2 + A437)4X43 + A437)5X44 — A43U3 = —€3 — 03€4 + U2€2,

=

B4 — A4aNeXa3 — Aaqalls = —€4 — 11€] + A3€3.
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Together with (20) and (21),

D'V =ei(—e1 —arey + Miea) + ea(—ey — ages + arey) + e3(—e3 — azeq + 0i2e2)

+eq(—es — mer + azes)

=—e'e, (22)

where e = (e, e, e3,e4) .

Let ¢ > 0 be arbitrarily given; integrating the above equation (22) from O to ¢, we have

/0 ||e(s) ||2ds :/0 —Vds= V(e(O)) — V(e(t)) < V(e(O)),

where || - || is the Euclidean vector norm.

Applying Barbalat’s lemma, we have |le(t)[|> — 0 as £ — +00. Hence, (e}, e2,e3,€4) —
(0,0,0,0) as ¢t — +oo. It implies that the drive systems (10)-(12) compound synchronize
with the response system (13). d

Remark 6 In Theorem 1, since we have the unique structural design in compound syn-
chronization, hence the control input used in Theorem 1 is a little more complicated. Just
as in [8], the nonlinearity of the designed control law in the compound synchronization
scheme is high. How to design some less conservative criteria for compound synchroniza-
tion scheme? This issue will be the topic of future research.

Next, some corollaries follow easily from Theorem 1. These corollaries provide simpler
criteria for selecting the applicable control laws with easy implementation.

Corollary 1 The drive systems (10) and (11) function projective synchronize with the re-
sponse system (13) if the control input is designed as

1
=0 [anxi(@2x22 + anx21) + ananxixn + €1d12a20%12%22

— MA1ad2aX1aX2a — (Aa1 + 01A42)X42 + N1AaaXaal,

U = $(® — oy ananxnxo — anxa] + [@12ax12%0) — Aso¥ao] — A2a43%43),
us = i((a — az[annannxinxay — asxan] + [a13as3x13x03 — Ad43x43]

+ a3[A14a24%14%24 — AaaXa4]),
Uy = ﬁ [mananxnxs — d3a13asx13x23 + AeA14d24%13%24

+ 61149614(/3661249623 + doaXoa) — MAaX41 — 04A43%43 — NeAaaX43 — AaaXaa),
where
® = 2 2
= a1panxon (01X13 — AaX1y — A3X 1 X12) + d12dnax1a ( Bixaz — Baxay — Baxy X2
2
— A42MX4a3 + A421)2X42 + A421)3X41X42,

O = ai3as3%3(ctaxiy — 0taX13 — UsX1a) + A13a23%13(BaXn — Paxos — Psxoa)

— A431MaX42 t+ A4304X43 + A431)5X44.
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Corollary 2 The drive systems (10) and (12) function projective synchronize with the re-
sponse system (13) if the control input is designed as

1
u = a[ﬂuxn(ﬂmxsz + d31%31) + A11A31%12%31 + 01A12430X12X32

— MA1aa3a%14X34 — (a1 + Q1 Aa2) X0 + 1 A4aX44],

$(® — oy [ananxnxs — auxa] + [d12a30%10%30 — AaoX42]

+ a9 [a13a33%13%33 — Aaz¥as)),

1~
us = @(@ — iz [A12a30X12%30 — AarXar] + [A13A33%13%33 — Aa3Xas3]

+ o3[A14a034 %1434 — A4aXaa)),
1

vy [Mmanasxnxs — d3d13d33X13%33 + CeA14d34X13%34

+ a1ax14(VeA34%33 + A34X34) — N1 Aa1%41 — Xad43X43 — NeAaaXa3 — A4aXaal,

u

Uy =

where

2 2
O = apazxs (a1x13 — QX712 — 05396119612) + di12d32X12 ()’19633 — Y2X32 — )/390319632)

2
— A42M1X43 + A4212X42 + A421]3X41X42,

O = azassxss(QaXiy — 0aXiz — O5¥1a) + d13a33%13 (Va¥32 — VaX33 — V5X34)

— A4374X42 T A43714%X43 + A431]5X44-
Corollary 3 System (13) is asymptotically stabilizable if the control input is designed as

u = i[—(dzu + 142 Xa2 + 1 A44X44],

1 2

U = ey [—aaamXaz + aonoXas + A42N3X41X42 — A41%X41 — A42X4) — A43%43],
1

Uz =, [~a43naXas + A43NaX43 + A4305%44 — AaoXa — A43X43 — Aa4Xa4],

1
Us = 0 [—Maaxa — dadazxas — NedaaXas — AaaXsa).

Remark 7 It is well known that one common problem on the compound of multiple drive
systems is that the compound signal often is asymptotically stable or emanative. As a re-
sult, the dynamic behaviors would definitely do harm for the engineering designers, since
dynamic evolution evoked by the compound of multiple drive systems is either too easy
or completely useless. However, it is worth noting that the compound of multiple drive
systems in this paper can be still chaotic; accordingly, the dynamic evolution has the abil-
ity of being pseudorandom and sensitive to the initial value, and it has unpredictability of

path. This can be well applied to secure communication.

Remark 8 As is well known, the memristive oscillator system is still quite incipient and
to the best of our knowledge there is not a lot of results for exploring the synchronization
control. The proposed control scheme in this paper can offer some valuable guidance to
the research and application of memristor devices.

Now, we give a numerical example to illustrate the superiority of theoretical results via
computer simulations. Assume oy = 81 =1 =11 =164, 00 = o =y =12 =3.28, 3 = B3 =
y3=n3=197, a4 =Pa=ya=na=1,05=B5 =5 =105 =1, ag = Bs = Y6 = N6 = 15. Choose
Ay = diag(ay, aip, a3, aw) = diag(1,1,1,1), Ay = diag(agy, a2, 423, a24) = diag(1,1,1,1), Az =
diag(as;, asy, ass, asqe) = diag(1,1,1,1), A4 = diag(aq, aap, das, ass) = diag(1,1,1,1), then the


http://www.advancesindifferenceequations.com/content/2014/1/100

Wu and Zhang Advances in Difference Equations 2014, 2014:100 Page 11 of 16
http://www.advancesindifferenceequations.com/content/2014/1/100

control input in the scheme of compound synchronization can be designed as

Uy = x11 (X0 + X33 + %91 + X31) + K12 (X01 + K31 + 16.4%95 + 16.4x35)
—16.4x14 (X024 + x34) — 17.40gs + 16.4x44,

Uy = O —16.4 w1 (x21 +x31) — xa1] + [12(x22 + X32) — x42]
+3.28[x13(%x23 + x33) — xa3],

Uz = © — 3.28[x12 (X2 + ¥32) — xan] + [13 (23 + ¥33) — Xa3]
+19.7[x14 (%24 + X34) — X44],

g = 16.4x11 (%01 + x31) — 19.7x13 (%23 + X33) + 15%13 (%24 + X34)

+ x14(15x23 + x24) + x14(15x33 + x34) - 16.49641 - 16.7643 — X44,
where

= (1649613 - 3.289612 - 19.796%19612) (xZg + X32) + xu[(16.4x23 - 3.289622 - 19.796%19622)
+ (164033 — 3.28x3p — 19.743,x32) | — 16.40x43 + 3.28x43 + 19.7x5 %42,

® = (w12 — X13 — X14) (23 + X33) + X13 [(xzz — %23 — X24) + (¥32 — X33 — x34)]

— X4 + X43 + X44.

Remark 9 Here we express an added illustration on the parameters selection «;, 8;, ¥,
n; (i =1,2,...,6) in the numerical example above. These values used as parameters have
many benefits. One of the most evident features is that the nonlinear dynamics of mem-
ristor oscillator (10) are very rich.

Simulation result of the compound of three drive systems (10)-(12) is depicted in Fig-
ure 4. The computer simulation suggests the compound of three drive systems (10)-(12)
has a strange attractor, as shown in Figure 4, which has verified that the compound of drive
systems (10)-(12) remains chaotic. Meanwhile, according to Theorem 1, the compound of
three drive systems (10)-(12) can achieve synchronization of the response system (13). Fig-
ure 5 depicts the time response of the synchronization error e(t) = (e;(t), ex(£), e3(£), e4(£))”.

4 The application in secure communication
As an application of the results obtained in the preceding section, secure communication
via compound synchronization is discussed in this section.

Let ¢ (2) = r1(t)[r2(2) + r3(t)] be the message signal to be received. Corresponding to this
message signal, adding it to the right of the first equation for the transmitter (three drive
systems), we have

X11 = X12 + 11,

X12 = 01 X13 — OaX12 — Olsxﬁxm» 23)
X13 = 0l4X12 — 4X13 — U5X14,

K14 = QeX13,

Xo1 = X2 + 1,

K02 = Pixas — Poxan — P3X3i %2, (24)
%23 = Baxy — Paxaz — Bsxoa,

%24 = BeX23,
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Figure 4 3D Projection of the attractor from the compound of multiple drive systems.

X31 = X33 + 73,

F32 = Y1X33 — VaX32 — V3X3,%32,
X33 = YaX32 — YaX33 — V5X34,
X34 = V6X33.

(25)

Select the output x;; of system (23), the output xy; of system (24), the output x3; of sys-
tem (25) as the transmitted signals. In our designed scheme, denote A; = diag(ay;, a12, a13,

aw), Ay = diag(agy, as, ass, az), Az = diag(as;, s, ass,ass), Ay = diag(as, s, ass, asq),
then construct the receiver as follows:

X41 = Xag + g + Uy,

X42 = MX43 — N2X42 — ngx?uxn + Uy,

X43 = NaXas — NaX43 — N5X44 + U3, (26)
X44 = NeX43 + Ua,

fa = k[anxn(anxn + azixa) — aaxa ],

where r, is the message signal to be recovered, k is a parameter.
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Figure 5 Time response curve for synchronization error e(t) = (eq (t), ex(t), e3(t), es(t))7.

Let the tracking error be

e1 = anxi(@nxo1 + A31%31) — da1X41,
ey = a1pX12(A2Xoy + A32%32) — A42%42,
e3 = a13%13(A23%23 + A33%33) — A43%43,
eq = a14%14(A24 %04 + A34X34) — A44X44,
es =ri(ry +13) — 14,

then the error dynamics is

e1 = anxy (@nxo + azixa1) + anxn (@nko + azixs) — agxa,

&y = appX1z(Anx + azxss) + apxiz(@niy + ani) — apis,
e3 = azXi3(a3x93 + azxsz) + di3x13(askaz + Azziss) — A4zkys,
&4 = ayX1a(arxoq + azax3s) + a1ax14(a2a¥g + A34%34) — Ag4%44,

. dri(ro+r3)
es=—4 ~ kel.

(27)

(28)

Since the eigenfrequency of the message signal ¢ (£) = r1(£)[r2(¢) + r3(£)] is much smaller
than the oscillating frequency of the chaotic system in practice, then % —ke; ~ —ke;.

Theorem 2 If control input is designed as Theorem 1, and the message update law of 14

satisfies
% _ 1 dri(azixa + azixa) ta dxn (aoirs + asirs) _ kdﬁ('”z +73) (29)
At am—k| " dt " dt |

Page 13 0of 16
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then (e, ey, €3, e4,e5) = (0,0,0,0,0) as t — +00. It implies that ry can recover the message
signal £ (t) = ri(£)[r2(2) + r3(2)].

Proof Let
1
V(e(t)) = Ve, e, e3,es,€5) = 5 (e} +e5+e3+e;+er),

then the proof of Theorem 2 is very similar to the proof of Theorem 1 and thus is omitted
here for brevity. O

Remark 10 In the preceding discussion, we only touch upon the secure communication
via compound synchronization from a theoretical analysis point. As for how to encode
the message for secure communication via compound synchronization, one might con-
duct further research. Of course, this is another issue, which is on the level of engineering

practice.

Remark 11 In the existing literature, the secure communication via compound synchro-
nization has rarely been studied. By the above discussions in this paper, it is easy to see
that in theory, compound synchronization can greatly improve the complexity level of the
driving signal and the modulation scheme used. In [8], secure communication via the com-
pound design of the memristor chaotic oscillator system has been discussed. It is worth
noting that the result of Theorem 2 in [8] leaves room for improvement. In [8], the mes-
sage update law of the message signal to be recovered is described as the first and second
derivatives of the states and the message signals to be received. The message update law
in our criterion contains just the first derivative of the states and the message signals to be
received. And consequently, the condition, which depends only on the first derivative of
the states and the message signals to be received, is easy to check. Therefore, our method
may be good in theory. In addition, the function V(e(t)) in Theorem 2 of Sun et al. [8] is
V(e(t)) = V(er, ez, €3,€a,65) = 3 (€7 + €3 + €3) + £ (e4 + e5). Obviously, strictly speaking, this
function V(e(?)) = V(e 2, 3,€s,€5) = 5(e7 + €3 + €3) + 3 (e4 + €5)” is a nonnegative func-
tion, not a Lyapunov function, since it fails to meet positive definiteness. Thus, the derived

corresponding results based on the Lyapunov theory in [8] are considered conservative.

5 Concluding remarks

In this paper, we have applied the compound of multiple drive systems to investigate the
synchronization control of a class of fourth-order memristor oscillator. The proposed con-
trol scheme theoretically guarantees the good control performance. The main disadvan-
tage of the obtained results lies in the highly nonlinear nature of the designed controller.
Finally, we have suggested an approach for a potential application of memristor oscillators
in secure communication. Therefore, the derived results may offer useful and broad-range

applications in electronics.
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