Peng et al. Advances in Difference Equations (2017) 2017:387 ® Advances in Difference Eq uations
DOI 10.1186/5s13662-017-1434-5 a SpringerOpen Journal

RESEARCH Open Access

Hybrid control of Hopf bifurcation Werove

in a Lotka-Volterra predator-prey
model with two delays

Miao Peng’'®, Zhengdi Zhang and Xuedi Wang

"Correspondence:

pengmiao199101@126.com Abstract

Nonlinear Scientific Research . . .

Center, Faculty of Science, Jiangsu In this paper, the Hopf bifurcation control for a Lotka-Volterra predator-prey model
University, Zhenjiang, Jiangsu with two delays is studied by using a hybrid control strategy. By analyzing the

212013, PR. China associated characteristic equation, its local stability and the existence of Hopf

bifurcation with respect to both delays are established. In addition, the onset of an
inherent bifurcation is delayed. Based on the normal form theory and the center
manifold theorem, explicit formulas are derived to determine the direction of Hopf
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1 Introduction

In species dynamics, there are two kinds of mathematical models: the continuous temporal
models described by differential equations and the discrete temporal models described
by difference equations. The complex dynamics of these systems had attracted intensive
as well as research attention in theoretical and mathematical biology during the last few
decades. Some of the key discrete temporal models [1-5] and continuous temporal models
[6-12] are referenced.

It is well known that significant theoretical development has recently been reported in
the bifurcation theory of discrete temporal dynamic systems. There have been great and
interesting predator-prey systems with time delay. This factor has induced more compli-
cated dynamic characteristics than that without time delay because the presence of time
delay causes a stable equilibrium to become unstable and subsequently the species to fluc-
tuate. In [1], Han and Liu studied a discrete temporal model of Lotka-Volterra type with
delay by a set of difference equations as follows:

Xjs1 = Xk €Xp{r — anXe—r — A12Yk— }»

Vk > 1, (1.1)
YViel = Yk €Xpry — anXi—r — A22Yk—<}s

where xy is the density of the first population at the kth generation, yx denotes the density
of the second population at the kth generation, r; is the growth rate of population i, a;
(i,j = 1,2) stands for the intensity of intraspecific competition or interspecific action of
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species. They focus on the stability and bifurcation analysis and the direction analysis of
the Neimark-Sacker bifurcations. This kind of discrete temporal model usually describes
certain insects whose populations have non-overlapping generations or the number of
populations is small in nature.

However, depending on the different species, some recent works showed that the con-
tinuous temporal models are more appropriate than the discrete temporal models when
the populations have overlapping generations or the number of populations is big. In real
situations, there are different time delays of species that affect the predator-prey systems.
For instance, the species feedback time delay, the hunting delay, the gestation period of
prey or predator, etc.

In this paper, we consider the following system with two delays described by differential
equations with reference to Xu et al. [13]:

{a‘c(t) = %(O)[r - anx(t - 1) - any(t - v)), 12)
¥(@©) = y(O)[-r2 + anx(t - ©2) — any(t - )],

where x(f) and y(¢) can be interpreted as the population densities of prey and predator
at time ¢, 1, > O represents an intrinsic growth rate of the prey and r, > 0 denotes the
death rate of the predators; the parameters a;; (i,j = 1,2) are all positive constants in which
an and ay; represent the intraspecific competition rate of prey and predator, a;; is the
capturing rate, ao1 /a1 is the conversion rate of the predator, 7; is the time delay due to the
gestation of prey and predator, 7, in the first equation of system (1.2) denotes the hunting
delay of predator to prey and 7, in the second equation of system (1.2) is the feedback delay
of the predator to the growth of the species itself.

The dynamical behavior of the predator-prey systems with time delay has been stud-
ied comprehensively [14—22]. In the real world, there is sometimes a need to control a
population at a reasonable level because otherwise this population may cause decrease or
even extinction of other populations. With respect to the control of a biological system,
the focus at present is on the state feedback control [23, 24] by changing the structure of
the biocenose and by increasing the feeding pressure of the prey. For example, in order to
eliminate algal bloom, an effective way is to introduce suitable fish species (chub ezc.) that
usually feed on plankton such that algal bloom can be controlled.

Hybrid control methods have been widely used by researchers [25-35]. Liu and Chung
[27] proposed a hybrid control strategy for bifurcation in a continuous nonlinear dynam-
ics system without time delay. Cheng and Cao [28] considered Hopf bifurcation control
for a complex network model with time delays, and they used a hybrid control strategy
to control the model. Chen et al. [30] proposed a new hybrid control strategy for micro-
grids with master-slave structure. In grid-connected operational mode, the droop control
strategy was adopted for the main converter, while in stand-alone operational mode the
droop gain would decrease to zero,thus becoming a conventional control. Ayadathil and
Venkatesh [32] presented a hybrid control strategy for a matrix converter fed wind energy
conversion system. Alfi et al. [35] investigated a hybrid control strategy for synchroniza-
tion of a class of nonlinear chaotic systems by incorporating sliding mode control and state
feedback control techniques via fuzzy logic. However, the hybrid control of bifurcation for
a predator-prey system has not been extensively investigated. In this paper, a new control
strategy of a system described in Eq. (1.2) is established. In the past, we mainly considered
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the state feedback control. For example, in order to eliminate the algal bloom, an effec-
tive way is to introduce a state feedback variable in the equation (such as chub) to change
the system equilibrium. In fact, intraspecific effect coefficients, the interaction coefficients
and others (e.g. temperature, irradiance, efc.) are affected by many factors. Furthermore,
the parameters can be changed to regulate the system.

Motivated by Xu et al. [13] and based on a hybrid control by combining the state feed-
back control and perturbation parameter, the designing of a controller is established in
this work in an effort to delay the occurrence of Hopf bifurcations in system (1.2). Here, a

controlled system as follows is considered:

x(t) = ax(t)[r1 — anx(t — 1) — any(t — ©)] + fx(t — 1), (1.3)
¥(@) = ay(@)[-r2 + anx(t — 72) — azny(t — vl + By(t — 1),

where o > 0, 8 € R is a control parameter. The parameters x(t), y(¢), an, a12, da1, a2, 11,

ry, 11 and 1, are defined in system (1.2). Bx(t — 1) and By(¢t — 71) can affect the densities of

prey and predator at time ¢ — 73, respectively, B > 0 denotes increase in the quantity, while

B < 0 otherwise.

The biological meaning of system (1.3) can be interpreted as follows. In the absence of
predators, the prey species follows the logistic equation x(£) = ax(t)[r; — ay (x — 71)], while
in the presence of predators, there is a hunting delay a;»y(t — 13), with a certain delay 7,
called the hunting delay. In the absence of prey species, the predator species follows the
equation y(t) = ay(t)[~ry — axny(t — 11)] + By(t — 11). The positive feedback a, x(f — 1,) has
a positive delay 1, which is the delay in the predator maturation.

The remainder of this paper is organized as follows. In Section 2, the local stability and
the existence of Hopf bifurcation at a positive equilibrium are discussed and the onset of an
inherent bifurcation is delayed by analyzing the corresponding characteristic equations.
The direction of Hopf bifurcation and the stability of bifurcating periodic solutions are
derived in Section 3. In Section 4, numerical simulations are carried out to illustrate the

validity of the main results. A brief conclusion is given in the last section.

2 Local stability and Hopf bifurcation of the controlled system
In this section, we shall investigate the stability of system (1.3) at the positive equilibrium
and the existence of Hopf bifurcation by analyzing the corresponding linearized system.

System (1.3) has a unique positive equilibrium E*(x*, y*), where

oo (ary + B)az + (ary — Blan «_ lar + B)an — (ary - Blan
alanan + apna) ' '

a(anan + andas)

if the following condition

(H1) (ary + B)ax — (ary — B)an >0
holds.

Let x(2) = x(¢) — x*, y(¢) = y(¢) — y* and denote x(¢), y(t) by x(¢), y(¢), respectively, then
system (1.3) becomes

x(t) = myx(t) + mox(t — 11) + may(t — v2) + max(t)x(t — 71) + msx(£)y(t — 12),

2.1
() = my(t) + nax(t — v2) + may(t — 11) + max(t — ©2)y(t) + nsy(E)y(t — 1), 2D
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where
* * * *
my = a(rn —anx* - apy*), my = —aanx* + B, m3 = —adpx”,
- —_ - k e
my = —0dy, ms = —0dy2, m= 01(—1”2 tanx —dny ),
* *
ny =adny, n3 = —adyny + B, Hy = adyy, M5 = —0d).

Then we obtain a linearized system of system (2.1) as follows:

x(t) = myx(t) + mox(t — 1) + msy(t — ),

. (2.2)
J(&) = my(t) + npx(t — 73) + n3y(t — 1y).
The corresponding characteristic equation of system (2.2) is
A2 = (my + m)A + myny — (M + n3h — myns — mon)e ™
+ lel’lgeiz)\rl - Wl3}’12€72)"‘[2 =0. (23)

To investigate the root distribution of the transcendental equation (2.3), the result of
Ruan and Wei [36] is introduced here.

Lemma 2.1 For the transcendental equation

p()\,e‘“l,...,e‘“m) - +p§0)k”‘l I +195,0_)1)‘ +p§,°)
+ [p?))\n—l +... +p§llzl)\ +p511)]e—kr1 +e
A" g g e
=0,

as (11, T2, T3, .. ., Tm) vary, the sum of orders of the zeros of p(r,e™",...,e™*™) in the open
right half plane can change, and only a zero appears on or crosses the imaginary axis.

In the sequel, we consider the following three cases.
Case (a) 71 = 15 = 0, the characteristic equation (2.3) becomes

A2 = (g + My + 1y + M3)\ + K + PR3 + Myl + Mahs — Mghsy = 0. (2.4)
According to the Routh-Hurwitz criteria, a set of necessary and sufficient conditions for
all roots of Eq. (2.4) to have a negative real part are given in the following form:

(H2) »n1y +my +my +n3 <0.
Then the equilibrium point E*(x*, y*) is locally asymptotically stable when condition (H2)
is satisfied.
Case (b) 71 = 0, 7o > 0, Eq. (2.3) reduces to
A+ phtr+qe T =0, (2.5)

where

p=—(my +my +mn +n3), q = —m3ny, 7 =N + mpns + maony + Mons.
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For w > 0, suppose iw is a root of Eq. (2.5), it follows that
cos 2wty = w* — 7,
7e0 0 (26)
gsin2wty = pw,
which leads to
o+ (PP -2r)0” + 17 —q* = 0. (2.7)

It is easy to see that if the condition
(H3) (p*-2r)>0,7r2—4*>>0,
holds, then Eq. (2.7) has no positive roots. Hence, all roots of Eq. (2.5) have negative real
parts when 1, € [0, 00) under conditions (H2) and (H3). Further, if (H2) and
(H4) (p*-2r)>0,r2—g*<0,
hold, then Eq. (2.7) has a unique positive root w?. Substituting ? into Eq. (2.6), we obtain

1 w*-r
Ty = —— 3 arcos
2w,

0

+2n7r}, n=0,1,2.... (2.8)

According to the Hopf bifurcation theorem [37], we need to verify the transversality
condition. Differentiating Eq. (2.5) with respect to 7, and noticing that A is a function of
T9, We obtain

dr, 20\ A

which leads to

|:d(Re A)] ~ Re{ (2A + p)e?t™ }

dl’z 2q)n

72=T2n

pSin 2w Tay, + 2w €OS 2w Toy

qwo
2 _ 2 2 2
- % > 0.
Noting that
(G ele) |
gn =signiRe| — =1
T2 T=Toy dr, T=Toy

Hence, we have

d(Re))

> 0.
d‘L’z

2=T2n

According to the analysis above and Corollary 2.4 of [36], we have the following results.

Lemma 2.2 For 1y = 0, assume that (H1) and (H2) are satisfied, then the following conclu-
sions hold:

Page 5 of 20
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(i) If (H3) holds, then the positive equilibrium E*(x*, y*) of system (1.3) is asymptotically
stable for all T, > 0.

(ii) If (H4) holds, then the positive equilibrium E*(x*, y*) of system (1.3) is asymptotically
stable for all t; € [0, T20) and unstable for Ty > Ty9. Furthermore, system (1.3)
undergoes a Hopf bifurcation at the positive equilibrium E*(x*,y*) when T3 = Tq9.

Case (c) 1 > 0, 7o > 0. We consider (2.3) with 1, in its stable interval, and 7; is regarded
as a parameter. Without loss of generality, we consider system (1.3) under assumptions
(H2) and (H4). Let iw (w > 0) be the root of Eq. (2.3), then we obtain

(iw)? = (my + m)iw + myn — (Myie + n3iew — mMyns — many e

+ Monze 2N _ pange” 20 = (), (2.10)

Separating the real and imaginary parts, we have

2

—ki sinwty + ky cos wty + k3 oS 2wt = w* — myn; + kg cOS2w7T5,

—ki coswty — ko sinwty — k3 sin 2wty = (1 + n1)w — kg Sin 207y,

where

ki = w(my + n3), ky = myns + myny,

ks = myns, ks = mgny,
which lead to

2kiks sinwty + 2ka k3 cos wty = k, (2.11)
where

k=" + (m] + n + 2ky c08 207 )w” — 2ka(my + my) sin 2070

—2mymky cos 2wty + niini + ki — ki — k5 — k.

Since sinwt; = £4/1 — cos? wty, we consider the following two cases:
(i) sinwty = /1 - cos? wty, Eq. (2.11) becomes

2kik3+/1 = cos? wty + 2k ks cos wty = k. (2.12)

It is easy to compute cos wt; by Eq. (2.12) noting that

coswty = fi(w), sinwt = fo(w), ff(a)) +f22(a)) =1
Hence, we can determine

rl(lﬂ) - é[arccosfl(w) +2nr] (n=0,1,2,..)),

and w is a root of f2(w) + f}(w) = 1.
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(ii) sinwt; = —+/1 — cos? wty, Eq. (2.11) becomes
—2kikzy/1 = cos?2 wty + 2kyk3 coswty = k. (2.13)
It is easy to compute cos wt; by Eq. (2.13), noting that
coswny =f;"(w), sinwt =f; (), )+ (w) = 1.
Hence, we can determine
m_ 1 .
T, = ;[alrccosf1 (w) + 2n7r] n=0,1,2,...),

and w is a root of () + f;*(w) = 1.

Let
7, =min{r{”, 7} (n=0,1,2,...), (214)

hence, for 1, € [0, 79, ), Eq. (2.3) has a pair of purely imaginary roots +iw* when 7; = 7,.
In the following, we assume that
(H5) [d(gff)]hw #0.

We have the following theorem.

Theorem 2.1 If conditions (H1), (H2), (H4) and (H5) hold and v, € [0, t3,), then the pos-
itive equilibrium E*(x*,y*) of system (1.3) is asymptotically stable for 7, € [0,11,) and un-

stable when v, > 11,. Furthermore, system (1.3) undergoes Hopf bifurcation at 7, = 1y,,.

3 Direction and stability of Hopf bifurcation of the controlled system
In the previous section, we have shown that the controlled system (1.3) undergoes Hopf
bifurcation for different combinations of 7; and t,. In this section, we will investigate the
direction of Hopf bifurcation and the stability of bifurcating periodic solutions of the con-
trolled system (1.3). Throughout this section, we assume that system (1.3) undergoes a
Hopf bifurcation for 73 € (0, 75,) and 7; = 73,. The theoretical approach we apply is based
on the normal form theory and center manifold theory [37].

Without loss of generality, we assume that 75 < 1), where 7 € (0, 7, ). For convenience,
let 1;(¢) = u;(tt) (i =1,2) and 1y = 7y, + |4, where 7y, is defined by Eq. (2.14) and i € R, then
system (1.3) can be written as a functional differential equation (FDE) in C = C([-1, 0], R?):

I/l,(t) = LM (ut) + F(M! ut)’ (31)

where u(t) = (x(t),y(t))T € C, us(0) = u(t + 0) = (x(t + 0),y(t + 0))T € C, and L,:C—R,
F:R x C— R are given by

L) =@+ wB[ ") s wmewe| v @ewp (Y (3.2)
©2(0) (pz(_;l_Z) v2(-1)
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and

F(M: 90) =(m + /’L)(fl’f2)Tr (3.3)

with

and

*

S1 = ma1(0)@1(=1) + m591(0) g2 (—:—2>,

1o
b= magy (—;—z)fﬂz(o) + 1503(0) g (~1).

1o

By the Riesz representation theorem, there exists a 2 x 2 matrix function (6, 1), 0 €
[-1, 0], whose elements are of bounded variation, such that

0
Lig= [ dn0.100) forgec. (3.4)
1

In fact, we can choose

(tiyp +w)B+C+D), 6=0,

(m, +W(C+D),  Oel-2,0),
n(6,n) = 0 o (3.5)
(TIO + M)D, 9 [S (_1’ _%)7
0, 0=-1.
For ¢ € C([-1,0],R?), define
A0y -1<6<0,
A(p)g = - (3.6)
[ dn(s,1e(s), 6=0,
and
0, 1<6<0,
Ru(p) = 3.7)
F(Mr §0), 0=0.
Then Eq. (3.1) can be transformed into the following operator equation:
= A, + Ry, (3.8)

where u; = u(t +6) = (w1 (t + 0), uy(t + 6)), 6 € [-1,0].
For ¢ € C([-1,0], (R?)*), where (R?)* is the 2-dimensional space of row vectors, we fur-
ther define the adjoint operator A* of A(0):

* ‘dﬁf)’ se(0,1],
A*P(s) = 0o
S dn"(£,0)¢(-t), s=0.
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For ¢ € C([-1,0],R?) and ¢ € C([-1,0], (R?)*), define the bilinear form

. 0 o
(#909)= 5090 - [ [ ote-0ranorpierd,

where n(0) = n(6,0), A = A(0) and A* are adjoint operators. From Section 2, we know that
+iw*ty, are eigenvalues of A(0), and they are also the eigenvalues of A* corresponding
to iw*1y, and —iw*1y,. Further, we suppose g(0) = (1,0)Te ™0 is the eigenvector of A(0)
corresponding to iw* 1, and g*(s) = M(1, a*)e® Mo’ is the eigenvector of A* corresponding
to —iw* 1y, where M =1/D.

By the direct calculation, we obtain

. —1 * . —1 *
iw* — my —mye ™ Mo « iw* + my + mpe™ Mo
o= —iw* Ty ’ ® == —iw* Ty ’
mse 2 npe 2

=~ % iw* T *__k _iw* Tk — _x _iw*tS =~ % iw* T
D=1+aa™ +my1 e "0 + maty e 2 + myatye’” 2 + myao e’ o,

Then we have (g*(s),q(0)) = 1, (g*(s),q(0)) = 0.
Next, we use the same notations as those in Hassard [37] and firstly compute the coor-
dinates to describe the center manifold Cy at = 0. Let u; be the solution of Eq. (3.1) when

n=0.
Define

Z(t) = (q*’ ut)r
W (£,0) = u,(0) — 2Re{z(t)q(0)}, (3.9)

on the center manifold Cy, and we have

W(tye) = W(Z(t)’ é(t)r 8)7 (3.10)
where
z? z2
W(Z(t), E(t), 9) = W(Z, 2) = Wzoa + WHZZ + Woz; +eey, (311)

and z and z are the local coordinates for the center manifold Cy in the direction of g*
and g*. Noting that W is also real if u, is real, we consider real solutions. For solutions
u; € Cy of Eq. (3.1),

z(t) = iw* gz + é*(Q)F(O, W(z, 2,9)) + 2Re{zq(9)}.
We define this equation as

z(t) = iw* 11,z + g*(0)Fp.

That is,

z(t) = iw*1yz + g(2,2),
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where

8(z,2) = ¢ (0)Fo(z,2) = F(0, u)

2 =2 2=
z _ z z°z
=g20§ + 81122 +g02§ +g217 +e (3.12)

Noticing 1:(6) = (x.(0),7:(0)) = W/(2,6) +2q(0) +24(6) and ¢(9) = (1, )" ¢ 0" by Eq. (3.9),
we have

%0)=z+Zz+ %Wz%)(o)z2 + WP (0)zz + %Wélz)(o)g2 $een,

5:(0) = az +az + %WQ%)(O)Z2 + WP (0)2z + %W(%)(o)gz $oee,

xe(-1) = ze o 4 2 M0 4 %Wéé)(—l)zz + Wiy (-1)z + %Wélz)(—l)éz "

- I 1 -1 -
ye(=1) = aze™ Mo + aze'™ "o + EW/z%)(—l)z2 + WP (-1)zz + 3 W(-DZ+---,

T* Lok sk ©ok sk 1 (1) T* ") T*
x| -2 ) =ze ™2 1262 4 — W, [ -2 )22+ Wy (-2 |2z
T1g 2 T1g T1g

1 T

(1) 2 \=z2

+ =W -— )z +---,
2 02( T )

1o

'L'z* o %k PO 1 2 'L'z* 5 2 'L'2*
ye| ——= ) =aze™™ 2 +aze” 2 + — W[ —— )z"+ W' —— )2z
1, 2 T T

1o 1o

Then from Eq. (3.12) we have

g(z,2) = M, [(m4e’i‘“*’1o + msae’i‘”*rz*) +a” (”40‘@%"%; + s’ ™o )]
+2Muy, [ (maRe{e™™ ™0} + ms Refae ™ 2 })
+a*(ng Re{aeiw*q } + n5Ref lor|2e™" o N]zz

+ My, [ (mae™ ™o + msae ™2 ) + &* (na@e’? + nsa’e o) |22

- 1 1 io* o*
+Mm, [m4<wf11)(—1) + 2 Wao (=) + 2 Wi (0)e Mo + Wi (0)e ™ flo)

T* 1 T* 1 Lok L%k
+ ms(Wl(lz) (—f) + EWZ%) <_r_2> + iwz%)(O)&e"” 2 4 Wl(ll)(O)ae’"” ’2>
0

1o

ok K 1 ok sk
+ &*[n4<W1(12)(0)e"“’ "t Wi ()€

1 T T
+—aWwy (-—2> +aW (——2))
2 71, Ty,

1
+ s (a W2 (-1) + 50 w2 (-1)

1 ok ok _
+ E&Wz%)(o)elw 1, +on1(12)(0)e_“" 110>]]22Z+ e

Page 10 of 20
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Comparing the coefficients with Eq. (3.12), we obtain

@0 = 2Muy, [ (mae™™ o + msae™ ) + &@F (naoe @ + nsa’e @ M0)],
gu= 2]\7[110 [(m4 Re{e’i”*flo } + ms Re{ae’iw*ﬁ* })
+a*(na Re{aeiw*’; } + nsRef o |2e" o Hl

— . _ ko _ ko _o ik
2oz = 2M1y, [(m;;e”" o + msae'” ’2) + a*(mae"" 2+ nsae r10)],

y 1 1 . -
g = 2M7,'10 |:V}’I4,<W1(11)(—1) + EWz%)(—l) + E WZ%)(O)ela’ o 4 Wl(ll)(o)e—lw TIO)
%), L AR - -
¥ ”15("“1(12 ) <-f) +5Wa) <—f) S W@ + Wi O)ae™ rz)
0 0

;o k¥ 1 Lok 1 * 'L'*
+a* [m(Wl(lz)(O)e_”” 2y in%)(O)e"” 2+ E&WZ%) (—T—2> +aW1(11) (——2>>

th Tl()

1 1 - .
+ 115 (a w2 (-1) + 50 W2 (-1) + 57 W2 (0)e™ M0 + a WP (0)e™ flo)ﬂ.

Since there are Wao(0) and W11 (0) in g21, in the sequel, we shall compute these quantities.
From Egs. (3.8) and (3.9), we have

W= AW —2Re{g*(0)Foq(0)}, -1<6<0,
| AW - 2Re{7*(0)Foq(0)} + Fs, 6 =0,
=AW + H(z,z,0), (3.13)
where
z2 z? 22z
H(Z,Z,g) = Hzo(e)g +H11(9)ZE+H02(9)5 + H21(9)7 + - (314)

Comparing the coefficients, we obtain

(AW — 2i‘L’10 a)*) Wzo = —H20 (9), (315)

AW (0) = —H11(0). (3.16)
From Eq. (3.13), we know that for 6 € [-1,0),

H(z,7,0) = =7"(0)foq(0) - 4" (0)/67(0) = ~¢4(0) - 24(6). (3.17)
Comparing the coefficients with Eq. (3.14) gives

Hyo(6) = —£209(6) — £024(F) (3.18)
and

Hyu(0) = —guq(9) — gugq(6). (3.19)
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From Egs. (3.15), (3.18) and the definition of A, it follows that

W30(0) = 2iw* 11y W0 (0) + g209(0) + g029(6).

(3.20)
Notice that g(0) = (1,&)Te ™%, hence
WZO(O) _ 1420 q(o)eiw*rloe + 1802 q(o)e—iw*qoe +E162iw*1:100, (321)
w* Ty, 3w* T1p

where E; = (Eg),Eiz))T € R? is a constant vector. Similarly, from Egs. (3.16) and (3.19), we
obtain

W1,(0) = guq(6) + gng(®), (3.22)
Wit (0) = -3 4(0)ei 10 4 B z(0)emi" 100 1 . (3.23)
a)*rlo u)*tlo

where E; = (Eél),Egz))T € R? is also a constant vector.

In what follows, we shall seek appropriate E; and E; in Egs. (3.21) and (3.23), respectively.
It follows from the definition of A and Egs. (3.18), (3.19) that

0
f d1(6) Wi (6) = 20" 71, Wao (0) — Hao(0)
-1

(3.24)
and
0
| n@wne) = -H(0), (3.25)
where 1(0) = n(0,0). From Egs. (3.15) and (3.16) we have
H>0(0) = —g20(0)q(0) — §02(0)3(0) + 211, (Hy, Ha) (3.26)
H(0) = —gu(0)g(0) - 21(0)(0) + 271, (p1, p2) ", (3.27)

where
ok koK
Hy = mge™ ™0 + msae™ %2,
k% ik
Hy = naoe™™ %2 + nga?e™™ Mo,
ik ko k
p1L=my Re{e o rl0} + ms Re{ae i n },
_ i Ty 2 iw*1y,
p2 =ngRejae + ns Rei|o|“e’™ ™o t.

Noting that

0
(iw*flol _ f eiw*nOG dn(@))q(O) — O,
-1

0
<—ia)*rlol—/ e—iw*noﬁ) dn(@))q(o) —_ 0,

1
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and substituting Egs. (3.21) and (3.26) into Eq. (3.24), we have

0
(2@*1101— f i mg? dn(9)>E1 =21y, (Hy, Hy)".
-1

That is,
2iw* — s — m e—2iw*t10 -m e—Zia)*rz*
b A e | Ei=20H, H)T
—nye 4 R 2iw™ — ny — nze 1o
It follows that
A A
Eil) - o Ef) i (3.28)
Aq Aq
with
vy v H v i H;
A; =det ! 2 , A1 = 2det ! 2 , A1y = 2det ! ! ,
IZ7! Hy vy vy Ha
where
V1 = 2iw™ — my — mae 2@ Mo, vy = —mge 2T i

. — *
va = 2iw* — ny — nze” 2@ Mo,

Similarly, substituting Egs. (3.22) and (3.27) into Eq. (3.25), we have
0
(/ dn(9)>E2 =211, (p1,p2) ",
-1

that is,

<m1 + miy ms )E2 _ 2(—191,—192)T~
175) ny +ns

It follows that
A A
E§1> iy Eg2> -z (3.29)
Ay Ay
where

+ p—
A, = det (Wl1 e " ) , A1 = 2det ( P 3 ) ,
ny ny + n3 —p2 m+n3

Ay = 2det e mp .
ny —P2
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From Egs. (3.21), (3.23), (3.28), (3.29), we can determine go; and derive the following

values:
c1(0) = gogu —2lgul* - |g°2|2)+<9
1 20, 20411 11 3 5
sy = Re{ci(0)}
2=
Re{k/(tlo)} (3.30)

B2 = 2Re(c1(0)),

_Im{cl(O)} + po Im{A/ (1)}
a)*rlo ’

T, =

These formulas describe the periodic solutions of Eq. (3.1) at T = 75, on the center mani-
fold. From the discussion above, we have the following result.

Theorem 3.1 The direction of Hopf bifurcation is determined by the sign of py: if s >0
(1o < 0), then the Hopf bifurcation is supercritical (subcritical). The stability of the bifur-
cating periodic solutions is determined by the sign of By: if B2 < 0 (B2 > 0), the bifurcating
periodic solutions are stable (unstable). The period of the bifurcating periodic solutions is
determined by the sign of To: if T, > 0 (T < 0), the bifurcating periodic solutions increase
(decrease).

4 Numerical examples

In this section, we present some numerical solutions by using Matlab 7.0 to verify the
analytical predictions obtained in the previous section, using the hybrid control strategy
to gain control of the Hopf bifurcation of a delayed Lotka-Volterra predator-prey system
(1.2).

For comparison, the same parameters in Xu et al. [13] are adopted: r; = r, = 0.5, ay; = 0.5,
ap=1,ax =1,ay, =1.

For o =1and 8 = 0, system (1.3) becomes the uncontrolled system (1.2). The Hopf bifur-
cation analysis about this uncontrolled system was presented by Xu et al. [13]. It is known
that system (1.2) has a positive equilibrium at E,(x°,5°) = (3, 1).

For 7; = 0, we obtain wy & 0.4509, 7y & 3.357. From Lemma 2.2, we know the positive
equilibrium E,(x%,°) = (%, %) is unstable for 7, > 7, when 7, = 3.7 > 7, which is illus-
trated in Figure 1.

For 7, = 3, we obtain 7 &~ 0.6673, the positive equilibrium E,(x°,°) = (%, é) is unstable
for 7; > 7, when 7; = 0.8 > 7, which is illustrated in Figure 2.

Now appropriate o, 8 are chosen to control system (1.2). Let us consider the following

system:

x(¢) = 0.5x(£)[0.5 — 0.5x(t — 71) — y(t — T2)] + 0.1x(¢ — 11), 1)
9(2) = 0.59(£)[-0.5 + x(t — 73) — y(t — 71)] + 0.1y(¢ — 77). ’
According to the hybrid control strategy, we can easily make the Hopf bifurcation of the
uncontrolled system (1.2) disappear, as illustrated in Figures 3 and 4. It is illustrated that
the onset of Hopf bifurcation is delayed when the hybrid controller has been incorporated

into the model.
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Figure 1 Behavior and phase portrait of an uncontrolled system (1.2) with 7 =0, 7, =3.7 > rf. Hopf
bifurcation occurs from the positive equilibrium E,(x°,y°) = (2, 1).
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Figure 2 Behavior and phase portrait of an uncontrolled system (1.2) with 7; =0.8 > r1°, 72 = 3.0. Hopf
bifurcation occurs from the positive equilibrium E,(x°,y°) = (%, 1)

For 7, = 0, we obtain wy ~ 0.1764, 15, & 4.5037. From Lemma 2.2, we know the con-
trolled system (1.3) undergoes a Hopf bifurcation at E*(x*, y*) when 1y = 75,. For 7o = 4.6 >
Ty,, the solution is illustrated in Figure 5.

For 7, = 3, we obtain 1;, &~ 2.443. According to Theorem 2.1, the controlled system

(1.3) undergoes a Hopf bifurcation at 7;, ~ 2.443. From Eq. (3.30), we obtain ¢;(0) =
—0.2954 — 0.4505i, up =10.4382, By = —0.5908, T = 0.2761. According to Theorem 3.1,



Peng et al. Advances in Difference Equations (2017) 2017:387

Page 16 of 20

1.5

1.2

0.8

y(t)

0.6
0.4

0.2

0.8
0.6
£ 0.4

= T T VPVP VR PNVIVIVNNY
0.2
0

500 1000 1500 0 500 1000 1500
time t time t
0.2 0.4 0.6 0.8

x(t)

Figure 3 Behavior and phase portrait of a controlled system (1.3) with 7, =0, 1, =3.7 > r:?, the Hopf
bifurcation disappears.
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Figure 4 Behavior and phase portrait of a controlled system (1.3) with 7; = 0.8 > r1°, 75 = 3.0, the
Hopf bifurcation disappears.

Hopf bifurcation is supercritical, the bifurcation periodic solution exists for 7; > 7, and it

is unstable. For 7; = 2.8 > 1y, the solution is illustrated in Figure 6.

Remark 4.1 For @ =1, 8 = 0.1 in the controlled system (1.3), then we obtain a control
model only based on delayed feedback. Take case (b) for example, when 1; = 0, by cal-

culation, we have wy & 0.2963, 15, ~ 2.6612, the onset of an inherent bifurcation about
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Figure 5 Behavior and phase portrait of a controlled system (1.3) with 7; =0, 1, = 4.6 > T2,- Hopf

bifurcation occurs from the positive equilibrium £*(x*,y*) = (%, %%
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Figure 6 Behavior and phase portrait of a controlled system (1.3) with 7; =2.8 > T1y, T2 = 3.0. Hopf

bifurcation occurs from the positive equilibrium £*(x*,y*) = (%, %%

uncontrolled system (1.2) is not delayed (see Figure 7). It is demonstrated that the hybrid
control strategy is more suitable than feedback control of system (1.2) in this paper.

These numerical simulation solutions constitute excellent validation of the new theo-
retical formulation and analysis presented in this paper. Compared with a general state-
feedback control, the hybrid control established here can be more effective in varying the
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Figure 7 Behavior and phase portrait of a controlled system (1.3) witha =1, $ =0.1, 71 =0,
7,=37> 120. The positive equilibrium (%, %) undergoes a Hopf bifurcation.

location of the Hopf bifurcation point while considering parametric disturbance. There-
fore, a more practical method for controlling Hopf bifurcation is established.

5 Conclusions

In this paper, an efficient hybrid control strategy of Hopf bifurcation for a Lotka-Volterra
predator-prey model with two delays has been investigated. By determining an appropri-
ate control parameter, we are able to delay the onset of Hopf bifurcation. For 7, = 3, the
critical value of delay increases from 1, & 0.6673 to 2.443. By using the normal form the-
ory and center manifold theorem, the explicit formulas which determine the direction of
Hopf bifurcation and stability of the bifurcating periodic solution of the controlled system
are derived. The numerical solutions for supercritical Hopf bifurcation and stable bifurca-
tion periodic solutions are in excellent agreement with theoretical analysis. From biology
viewpoint, stable bifurcation periodic solutions imply coexistence of both species in an
oscillatory mode.
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