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Abstract r )

In this study, we propose a novel fractional delayed predator-prey model that includes an omnivorous species and
explore bifurcation control through a state feedback control strategy. We begin by deriving the characteristic
polynomial using the Laplace transform and establish new sufficient conditions for stability analysis and Hopf
bifurcation, treating the time delay 7 as a bifurcation parameter. To address the Hopf bifurcation in the un-
controlled system, we design a state feedback controller with a time delay. Our results indicate that the time
delay 7 significantly affects the onset of the Hopf bifurcation. Additionally, the inclusion of a fractional order
0 < a < 1 enhances solution stability while adding complexity to the dynamics of the model. We find that judi-
cious selection of the feedback gain can delay bifurcation, highlighting the critical role of control effort. To validate
our theoretical findings, we present numerical simulations conducted using a modified Adams-Bashforth-Moulton
predictor-corrector method. These simulations support our theoretical results and demonstrate the efficacy of our
proposed control strategy in managing the dynamical behaviors of the model.
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1. INTRODUCTION

In ecological systems, the predator-prey models which describe the relationships between different species play
an important role in connection with complex food chains and food networks [22, 29, 43]. Due to the universal
existence and importance, population models, especially predator—prey systems become popular from the traditional
and pioneering work of Lotka [26] and Volterra [39] and the qualitative properties of Lotka-Volterra like predator—prey
models, such as stability, chaos, bifurcations and periodic oscillations are usually depending on the parameters of
the models [9]. In the fields of population dynamics, there are many applied mathematicians and ecologists who
have extensively investigated the dynamical behaviors of predator-prey systems from different aspects [8, 9, 24, 35].
For example, the study in [15] investigated a predator-prey model that includes the Allee effect and alternative food
sources for the predator. Their findings indicate that a weak Allee effect can enhance stability and support population
survival. In contrast, a strong Allee effect tends to destabilize the system, leading to an unstable limit cycle and
heightening the risk of extinction for the populations involved. Therefore, the dynamics of the predator—prey model is
a major theme in ecology and evolutionary biology, which can be considered as the basic block in order to construct
the complicated dynamics of food web, food chain, and some other biochemical network structures [13, 24, 43].

Amongst the different ecological models, there is a food web model with an omnivore wherein a population feeds
on resources at more than one trophic level [1]. The role and prevalence of omnivore is critical to understand food
web structure and its dynamics. In fact, the presence of an omnivore can lead to stabilization or destabilization of
any given food web which indicates its important role in the investigations of the food chain models [1, 25]. The
presence of omnivores introduces additional complexity to predator-prey relationships. Research by Huang et al. [12]
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indicated that omnivores could either promote stability or lead to destabilization within ecosystems, highlighting the
need for models that consider multiple trophic levels. Tanabe and Namba [30, 37] found a simple food web model
with linear functional responses consisting of twelve parameters on which the omnivore leads to chaos in their models.
They proposed a three species evolution model that one of the species was an omnivore, which can consume both the
predator and prey.

In this research work, we consider a predator-prey model introduced by Previte and Hoffman [33] which represents
a food web model with an omnivore (or a scavenger) given by

d

d—j =z(l —bx) — xy — xz,

d

ditJ =y(—c+ ), (1.1)
d

df'; = (—e = B2)z + fez + gyz,

where x, y, z indicate the densities of prey, predator, and omnivore population as functions of time, respectively. All
parameters of the system (1.1) are positive and their biological meanings can be found in [20, 33]. System (1.1) is
further studied by Y. Li. and V. G. Romanovski in [20] by employing a new approach which was based on using
the commutative computational algebra algorithms. They have shown that under variation of some parameters, the
system undergoes Hopf and degenerate Hopf bifurcations.

The study of predator-prey dynamics has evolved significantly with the incorporation of fractional calculus and time
delays, providing deeper insights into ecological interactions. Traditional models often fail to capture the complexities
inherent in biological systems, necessitating more sophisticated approaches. For example, time-delayed nonlinear
dynamical systems, which incorporate time delays to account for past system states, are commonly used to model
various natural systems in fields such as epidemiology, physiology, control theory, and biological processes [3, 21, 28,
36]. Time delays, also known as time lags, are essential for accurately reflecting the dynamics of biological systems
that depend on their past history [9, 23]. These delays can represent various biological processes such as gestation
periods, maturation periods, reaction times, resource regeneration times, and feeding times [8, 9, 14, 41]. Furthermore,
fractional-order derivatives have emerged as a powerful tool for modeling ecological processes characterized by memory
effects. These derivatives offer a more accurate representation of real-world systems, accounting for the influence of past
events on present dynamics. Zhang et al. [44] illustrated that incorporating delays can lead to oscillatory behavior
and potential instability within populations. The combination of fractional derivatives and time delays introduces
layers of complexity, where adjustments in delay parameters can significantly alter system dynamics.

Fractional-order differential equations have proven instrumental in modeling ecological processes characterized by
memory effects, offering a more comprehensive representation of real-world systems than traditional integer-order
models [18]. While numerous predator-prey models have been analyzed using delay differential equations (DDEs)
with classical integer-order derivatives [13, 17, 24, 27, 29, 42], a growing body of research has explored the fractional
dynamics of predator-prey systems, both with and without time delays [7, 11, 19, 22, 34, 43]. The presence of time
delays and fractional-order derivatives in population models share a common characteristic: they both account for
memory effects. The inclusion of these two types of memory significantly increases model complexity and enriches
the dynamics of the system [34]. The memory inherent in these models significantly impacts the current and future
development of the modeled processes. The history of the process is more accurately described when the model
incorporates memory effects, making fractional-order differential equations more suitable for capturing real-world
phenomena compared to classical integer-order differential equations [43].

From a different perspective, fractional-order derivatives are inherently non-local and capable of modeling memory
effects, while time delays in the model represent the history of an earlier state [16]. Investigating the dynamical
behaviors of these models in a fractional-order setting holds significant promise for achieving improved results compared
to traditional integer-order approaches. The development of both theory and applications of fractional-order systems
has attracted considerable attention from mathematicians, physicists, and engineers [2, 7, 16, 19, 38]. This research
is motivated by the need for a deeper understanding of fractional-order delayed population models, particularly
predator-prey systems incorporating both fractional order and time delay. While the theory of delay differential

(&)
ENE



1262 A. H. SUROSH, R. KHOSHSIAR GHAZIANI, AND J. ALIDOUSTI

equations (DDEs) is well established, the study of fractional differential systems with delay is still in its early stages
[31]. Limited research has focused on analyzing and numerically solving delayed fractional-order models [38].

In recent years, control strategies have become increasingly important in mathematical biology and control theory,
particularly for effective ecosystem management. Hopf bifurcation analysis has proven valuable for gaining insights into
the behavior of complex dynamical systems near equilibrium points. Bifurcation control, as a necessary and efficient
method, has been extensively developed and applied [11, 41, 43]. For instance, C-Huang et al. [11] successfully
controlled the Hopf bifurcation of a fractional delayed predator-prey system using an active extended delayed feedback
control strategy. Additionally, Li et al. [22] employed delay feedback control to control the Hopf bifurcation in a
fractional-order delayed Lotka-Volterra predator-prey system, utilizing time delay as a free parameter. Zhao et al. [45]
proposed feedback control methods for stabilizing populations within a delayed fractional-order framework, highlighting
their potential for practical applications in ecological conservation. Among various bifurcation control approaches,
time-delayed feedback control has been widely used to mitigate bifurcation phenomena in nonlinear systems [11].
However, limited research has focused on bifurcation control in delayed fractional-order predator-prey systems using
this technique [7, 19]. This gap in knowledge motivates our investigation into the dynamics, stability, Hopf bifurcation,
and bifurcation control of a fractional-order delayed predator-prey system utilizing time-delayed feedback control.

This paper extends the work of E. Bonyah et al. [5], by incorporating delay into the model, enabling a more realistic
representation of system dynamics. While their study explored different fractional derivatives without delay, our
research focuses on the Caputo derivative and investigates the impact of delay on the model’s behavior. Specifically,
we examine the emergence of Hopf bifurcations, a critical phenomenon that arises due to the presence of delay.
To effectively manage these bifurcations, we introduce a novel state feedback control mechanism with time delay.
Our findings demonstrate the ability of this control strategy to postpone the onset of bifurcation and highlight the
importance of delay in accurately capturing complex system dynamics.

Stimulated by the previous discussions, we extend model (1.1) by combining the two types of memory, i.e, fractional
order o and the delay 7 in the model in order to investigate their impacts and describe the predator—prey interactions
with memory effects. We also discuss the qualitative behaviors of the model by means of stability and Hopf bifurcation
analysis. Then we use a theoretical analysis to realize the bifurcation control in the considered delayed fractional-order
predator—prey system based on time delayed feedback approach. Therefore, the fractional delayed mathematical model
in the sense of Caputo fractional derivative can be presented as follows:

Dix(t) = (1 — bx) — xy — zz,
Diy(t) = —cy + zy, (1.2)
Diz(t) = fx(t—71)z(t = 7) + gyt — 7)z(t — 7) — (e + B2)z,

where a € (0,1] is fractional order, and 7 > 0 is a constant time delay due to gestation. The initial conditions are
z(0) > 0, y(0) > 0, 2(0) > 0 and for s € [—7,0], the smooth functions can be selected as z(s) = ¢1(s) > 0, y(s) =
Pa(s) > 0, z(s) = 3(s) > 0, where 9;(s) € C([—7,0],R) for i = 1,2,3, in which C([—7,0],R) denotes the space of
continuous mappings from [—7,0] to R.

To control the dynamics of model (1.2), a time delayed feedback controller is designed which can be added in the
second equation of the fractional delayed system and has the following form:

u(t) = K(y(t) —y(t — 7)), (1.3)
where 7 stands for feedback time and the constant K denotes a negative feedback gain, which can be smartly manip-
ulated for controlling the Hopf bifurcation in order to achieve the desirable dynamical behaviors.

The main highlights of this paper are to investigate the influence and relation of the two important types of
memories, one is the fractional order o and the other is time delay 7 on the dynamic behavior of the fractional
delayed predator—prey system. An efficient time-delayed feedback controller is also elaborately introduced to stabilize
the unstable orbit and control the creation of Hopf bifurcation for the proposed fractional-order delayed differential
system, and the desirable dynamical behaviors are obtained. Ultimately, the effect of feedback gain on the bifurcation
point is further studied.

The rest of the framework of the current paper is arranged as follows: Some basic materials regarding fractional
calculus are presented in section 2. In section 3, the main results are discussed including a detailed analysis on the
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local stability of the interior equilibrium point and Hopf bifurcation conditions for the uncontrolled model as well as
bifurcation control results for the controlled model, respectively. In section 4, by employing Adams—Bashforth—-Moulton
predictor-corrector scheme(ABM) for solving fractional-order delay differential equation where the main steps of its
algorithm is given in [4, 34], we carry out some numerical simulations to verify the obtained theoretical results. In
section 5, the paper is concluded with a brief conclusion.

2. BASIC TOOLS AND DEFINITIONS

It is recognized that among the several definitions of fractional derivatives, the three definitions, such as, Grinwald—
Letnikov (G-L), Riemann-Liouville (R-L), and Caputo’s definitions are the extensively used ones in the field of
fractional-order nonlinear dynamical systems. The Caputo derivative has more advantages than other fractional-
order derivatives, since it only requires the initial conditions in the form of integer-order derivatives, which is more
appropriate for mathematical modeling of many real world problems. Moreover, the operator of fractional-order model
can be provided more flexibility to the various physical and biological models in order to investigate their considerable
dynamical behaviors. Therefore, we use the definition of Caputo derivative and utilize some helpful lemmas and
theorems for fractional systems introduced in this section.

Definition 2.1. ([10]) The fractional-order integral of non-integer order « for a function f(t) can be defined as follows:

I°f(t) = Dy f(t) = F(la) /0 e fgla ds, >0, (2.1)

where I'(+) is the Gamma function.

Definition 2.2. ([40, 41]) The Caputo fractional-order derivative of order « for a function f(¢) € ([0, 00),R) is given
by

t (n) (g
p(nl_a) fo (t_fs)a(772+1 ds, n—1<a<mn, neN,

C%;f(t), a=n.

Particularly, when 0 < a < 1, the Caputo fractional-order derivative takes the form

Dy f(t) = (2.2)

fo(t):r(ll_a)/o (tfl(z))ads. (2.3)

Definition 2.3. ([22, 43]) The Laplace transform of the fractional-order derivatives in the sense of Caputo can be
defined as

LIDRf (15} = s F(s) — 3 s+ 1 9 0), (2.4)
k=0

where n — 1 < a < n is a positive integer and F'(s) = L{f(t)}.

Definition 2.4. ([10, 19]) Consider a high-dimension fractional-order system as in the following form

Dia(t) = f(x(t)), (2.5)
where z(t) = (z1(t), z2(t), - ,xn(t))T eR™, f(t) = (f1(1), f2(t),- - ,fn(t))T : R® — R™. The equilibrium solutions
of (2.5) can be defined by f(z*) = 0. Hence, the corresponding equilibrium points can be obtained as (z3, 25, -+ ,z}).

Lemma 2.5. (see [0, 32]). Consider the fractional-order system
d*z
- = 2.6
e ) (2:6)
an
BE
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where a € (0,1), % = D¢ and x € R"™. The equilibrium points of system (2.6) can be computed via solutions of the
equation f(x) = 0. It also can be concluded that an equilibrium point =* of system (2.6) is locally asymptotically stable

T

if all the eigenvalues of the Jacobian matrix J = %’m* satisfy |arg()\)| > 5.

Lemma 2.6. (see [11, 14]). Consider the following n-dimensional autonomous linear fractional-order system
D& (t) = k&1 (t) + K12&2(t) + -+ - + K1nn(t),

D& (t) = ko1& (t) + ra2ka(t) + -+ + Kan&n(t),
(2.7)

Dagn(t) = "{nlgl (t) + ’in2§2(t) +-+ /inngn(t)a

where 0 < a < 1. By taking the Laplace transform on both sides of Eq. (2.7) and after doing some simplification,
we eventually can obtain the following determinant:

A —Ki —Ki2 o —Kin
—Ka1 AY — Koy - —Kan
det(A(N)) = det . . . ) . (2.8)
—Kn1 —Kn2 Tt )\a — Knn

Thus the zero solution (€ =0) of system (2.7) is globally asymptotically stable in the Lyapunov sense if all roots of
the equation det(A (X)) = 0 in (2.8) satisfy larg(\)| > %F.

Lemma 2.7. (see [11, 14]). Consider the following n-dimensional linear fractional-order delayed system
D& (t) = b11&a(t — Ti1) + b12&a(t — T12) + -+ + b1n&n(t — T1n),

D% (t) = ba1&1(t — To1) + baola(t — Ta2) + - - + b2 &n(t — Ton),
(2.9)

Dafn(t) - bnlgl (t - Tnl) + bn2€2(t - Tn2) +-- bnnfn(t - Tnn)a
where o € Q, i.e, 0 < a < 1. For system (2.9), ;5 > 0,4,5 = 1,2,--- ,n and B = (b j)nxn 15 indicating the
coefficient matrix.
Next, to study the stability of system (2.9) we take the Laplace transform on both sides of (2.9) which gives the
characteristic equation det(A(s)) as follows

& — blleis‘ru _b12efs7'12 cee —blneisn"
_bzle—s‘rzl s — b22€—87'22 Ce _b2ne_57—2n
det(A(s)) = det , _ . _ =0. (2.10)
_bnlefs‘rm _bnzefsrng .. Sa _ bnneis‘r”"

Since the stability of the zero solution of system (2.9) exactly depends on the roots distribution of the associated
characteristic equation of (2.10), therefore, if all the roots of the characteristic Equation (2.10) have negative real
parts, then the zero solution of system (2.9) is asymptotically stable.

3. MAIN RESULTS

In this section, we first investigate the effects of time delay and fractional-order on the dynamics of the uncontrolled
system (1.2) by taking time delay as a bifurcation parameter. The conditions of bifurcations will be further discussed.
Then for controlling the Hopf bifurcation, a proper controller based on the time delayed feedback method is designed
and the impact of the corresponding feedback gain on the bifurcation is studied. Moreover, comparative analysis is
performed by means of numerical simulations.
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3.1. Stability and Hopf bifurcation analysis for uncontrolled system (1.2). In this subsection, we analyze the
local stability of the positive steady state based on the linearization technique. To obtain the linearized system around
the positive steady state E*(z*,y*, z*), let us employ the transformation X (t) = x(t) — z*,Y (t) = y(t) — y*, Z(t) =
z(t) — z*. Then the linearized form of (1.2) can be described as
DX (t) = —bx* X (t) — 2"Y (t) — 2" Z(t),
DY (1) = y* X (1), (3.1)
DYZ(t)=(—e—2B2)Z(t)+ [ X(t —7) + 9z*Y (t —7) + (fa* + gy*) Z(t — 7).
By applying the Laplace transform on both sides of (3.1), we have

SOL{X (D)} — 527 1z(0) = —ba* L{X (1)} — 2* L{Y (£)} — 2" L{Z (1)},
s*L{Y (1)} — 52 y(0) = y* L{X ()},
0
SOL{Z()} — 597 12(0) = (—e — 282°)L{Z(t)} + fz e (/J{X(t)} + /_ e_Stwl(t)dt) (3:2)
0 0
+gz*e_”<£{Y(t)}+ /_ e—stwg(t)dt) +(fx*+gy*)e_”(£{Z(t)}—|— /_ e—stwg(t)dt).

Let L{f(t)} = F(s). Then, the above system (3.2) can be written as in the following matrix form
X(s) d1(s)
A [ v | = e |, (3.3)
Z(s) d3(s)
in which
5% + bx* ¥ x*
A(s) = —y* s 0 ,

_fz*efs‘r _gz*efs‘r s¥ + e+ 2ﬂz* _ (f(E* + gy*)efsr

and

0

s*712(0) + fz*e_‘”/ e Sy (t)dt —I—gz*e_”/ e Sy (t)dt + (fz* +gy*)e_‘”/ e 3 (t)dt.

-7 -7 —T

0 0

>
&
—
»
NS
I

In Eq. (3.3), A(s) represents the characteristic matrix of system (3.1). The stability of system (3.1) can be entirely
determined via the properties of eigenvalues of the associated characteristic equation det(A(s)) = 0, given by

$°Y + Ros® + Rys™ + Ry + [Pas® + Pis® + Pyle 7 =0, (3.4)
where

Ry =bx* + 282" +e, Ry =(2b82" +be+y*)z*, Ry= (282" +e)x*y",

Py =—fz* —gy*, P1=-0fz" +bgy" — fz")a", Po=(fz"+g(y" —2"))z"y".
Now, we consider the following two cases:

Case I:: When 7 = 0, we consider the following conditions

(H1) ha >0, hg >0, hahy > ho,
in which

ho =P, +Rs, hi =P+ Ry, ho=Fy+ Rp.

In order to discuss the stability of system (1.2) in the absence of delay, we establish the following lemma.

(&)
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Lemma 3.1. If the condition (Hy) holds, then E* is locally asymptotically stable when 7 = 0.
Proof. In the absence of delay, the characteristic polynomial (3.4) becomes
N hod? + A+ ho =0, (A= s%). (3.5)

When the assumption (H;) holds, then it is apparent that all the roots A; (i = 1,2, 3) of (3.5) have negative real parts
based on the Routh-Hurwitz criterion which satisfy |arg(\;)| > %*, i = 1,2, 3. Therefore, we can conclude that E* is
locally asymptotically stable and the proof is completed. O

Case II:: When 7 # 0, the Eq. (3.4) can be reduced to
Ni(s)+ Ny(s)e " =0, (3.6)
in which
Ni = 5% 4 Ros®® 4+ R1s® + Ry, N3 = Pys*® + Pis* + P.

In this case, following [10, 11], we assume that s = iw = w(cos(3) +isin(%)), w > 0 be a purely imaginary root of
Eq. (3.6). Then by substituting it into the characteristic Eq. (3.6), we obtain

C1 4 iDy + (Cp + iD2) (cos(wT) — isin(wr)) =0, (3.7)
where
3am
_ 3«
C1 = w’® cos (—2 ) + Row?® cos (am) + Ryw” cos( 5 ) + Ry,
3am am
_ 3a
Dy =w sm<—2 )—i—ng sin(an) + Rjw® Sln(2)

Cy = P2w20‘ Cos(aﬂ') + Pyw® cos ( 5 ) + P,

Dy = Pow?*sin(ar) + Pyw® Sin(o;i).

Using Eq. (3.7), we get the corresponding real and imaginary parts as follows
Cs cos(wt) 4+ Dy sin(wt) = —C,

3.8
Dy cos(wT) — Casin(wt) = —Dy. (38)
From (3.8) and by labelling of
@1(&)) = —01 CQ — D1D2, @2(0.)) = Dl 02 — Dg 01, @(W) = 022 + Dg, (39)
we get
cos(wT) = @1(w),
O(w)
(3.10)
sin(wt) = O2(w)
Ow)’
which leads to
0%(w) = 07 (w) + O3 (w). (3.11)
According to Eq. (3.11), we can define
F(w) = 0*(w) — 6%(w) — ©3(w) = 0. (3.12)
Then by (3.12), we obtain
F(w) = miow'® + mow? + mgw®® 4+ maw™ 4+ mew®®
(3.13)

+ msw®® + maw® + maw® 4+ mow?®® + maw® +mgy = 0,

where
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mio = P2, mg=—2Py(P, + PyRy)cos (%)
mg = Py — Pf — PR3 — 2P, PRy — 2P5(P Ry + Py Ry + Py) cos(ar),
mr = —2Py(PyRy + PiRy + PyRy) cos (30“7”) — [2P2Ry — (4P — (—2R, — 2R2)P, — 2Py) Py
+2PyRy(PyRy + Py)] cos (%)
me = —2P(PyRy + Py Ry) cos(2am) + {4P0P23 + [(2Pf — 2RoR2) P; + ((—2R1R2 — 2Ro)P1 — 2P R3)) P,
—2PyP Ry — 2P12R1} cos(ar) + 4PEPj — PIR3 — 2P, P,R1 Ry — PiR? — 2P PRy — 2Py P2 Ry — Pg,
ms = —2Py Py Ry cos (50‘7”) — 9P2Ry + (4PyP2 — 2RgRyPy — 2P Ry ) Py — 2P0P2R1R2} cos (?’O‘Tw)
+ [4P2Pf> — 9P2R\ Ry + (8PyP2 — (2R2 + 2Ry Ry) Py — 2Py(Ry + R2)) Py
—2(Py + PR.)(PyRs + ROPQ)} cos (%)
my =2 [(—P1 — PyRs)Ro + POPQQ} Py cos(2am) + [(SPOP2 — 2Ry Ry)P? + [(—2Ro — 2R, Ry) P,
— 2RoR\P2) P, — 2P PR} — 2R1P02} cos(am) +4P¢P; — PR3 4+ 4PyPE Py — 2R\ Ro Py Py
—2PyPRoRy + P! — PER? — 2P, PRy R, — PiR%,
ms = —2Py[(PLRy + PyRy + Po)Ro — 2Py P, Py cos (30‘7”) n [4P0P13 — 2P2RyR, + (SPZP,
— 9(R% + RoRy) Py — 2Py R2) Py — 2Py Ry (PoRs + PQRO)} cos (%)
mg = [Py Py + 2(P} — RoRy) Py — 2(PyRoRy + Ry P) Py| cos(ar) + (4Pf — RY)P§ — 2PyPLRoRy — P} Rg,
my = 2[2P3P, — P2RyRy — PyP,R2] cos (%)
mo = —P2R2 + P§.
Eq. (3.13) can also be rewritten as

F(w) = w'% + Mow® + Mgw®® + M7w™ + Mgwb®

e (.14
+ Msw’® + Myw™® + Msw?®® + Mow*® + Mijw® + My = 0,
in which
M, =" (i=0,1,2,---,9).
mio

Now, we present the following lemma that guarantees the occurrence of Hopf bifurcation.

Lemma 3.2. Considering the bifurcation point as 79 = min{T(k)}, (k=0,1,2,--+), we can conclude the following
results:

(i): If M; >0(:=0,1,2,---,9), then Eq. (3.6) has no positive roots for all T >0 .

(il): If M; <0(i=1,2,---,9) and My > 0, then Eq. (3.6) has a pair of complex conjugate roots tiwy when

r*) = wio{ arccos [%1((5))] + 2k7r}, (k=0,1,2,--), (3.15)

where wq is the unique positive root of (3.13).

(&)
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Proof. (i) Since M; >0(i =0,1,2,---,9), we have F(0) = My > 0. By combining « > 0 and M; > 0, we deduce that
Eq. (3.14) has no positive real root, hence Eq. (3.6) has no purely imaginary root.

(ii) Since My > 0 and F(0) = My > 0, we have F'(w) > 0, lim,,_, 4o F'(w) = +00. Then there exists a unique positive
number wy , i.e, F(wg) = 0. So, wp is a root of Eq. (3.14) and for Eq. (3.15), (wo, 7o) is a root of (3.8). Therefore,
Eq. (3.6) has a pair of complex conjugate roots +iwg, when 7 = 7®) k=0,1,2,---. This completes the proof. O

To investigate the transversality condition for the occurrence of Hopf bifurcation, we further provide the following
necessary assumption:

(Hz)  Ipfip + lifir >0,
where

~ . . am .
lp = —PQwSO‘“ sin(am — woTy) — P1w8‘+1 sin (7 — ono) + Pywy sin(woTp),

~ am
I} = Pow2®™ cos(am — woro) + Prwd ™t cos (7 - ono) + Powg cos(woTo),

~ 1. (3 . . _
g = 3aw€’°‘ Lsin (%) + 2« |:R2 sin(ar) + Py sin(ar — wOTO)}wga 1

+ [Rl sin (%) + P sin (% — ono)}wg_l,
iy = —3awi® ! cos (30[771) — 2« [Rg cos(am) + Py cos(am — OJOT())} wa !
— [Rl cos (%) + P cos (% - ono)}wg_l.
According to the above hypothesis, the following lemma can be achieved.

Lemma 3.3. Suppose that s(7) = ((7)+iw(7) is a root of Eq. (3.6) near T = 7*) satisfying (7)) = 0, w(r®)) = wo,
then the transversality condition

§R(d8

— >0,
dT> ‘(w:wo,'r=7'0)

holds.

Proof. By implicit differentiating of (3.6) with respect to 7, we obtain
ds ds

Nl*’(s)E + N;'(s)efﬁa + N3 (s)e " (— T 5) =0,
where N}/(s) indicates the derivatives of N7 (s) (i = 1,2). It follows that
ds sN3(s)e™*" () (3.16)
dr ~ N{(s) + Ng'(s)e— — T3 (s)e  als)’ '
where [(s) = sN3(s)e™*™ and p(s) = Ny/(s) + N3'(s)e " — 7N3(s)e *.
To check %(%) > (0, we can use (%)_1 instead of (%). In such a way, we have
ds1=1  p(s) T
fuiad =0 3.17
{dr} I(s) s ( )
where
ﬁ(s) = — a[P285a + 2P1$4a + (3P0 + P1R2 - P2R1)83a + 2(POR2 - P1R0)82a + (P()Rl - PlRo)Sa],
and

Z\(S) =g [PQSSQ + (P1 + P2R2)84a + (P1R2 + PRy + P0)83a + (PORQ
+ PiRy + P2R())S2a + (P()Rl + PlR())Sa + P()Ro] .
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By Eq. (3.17), we have

ds\ B h(s) B lARﬂR +ZA1/71
= = "7 ===
-
(w=wo, T=T0) l(S) (w=wgp, 7=70) lR + lI
Applying (Hs), we deduce
ds\ "
RI(=
()] .0
(w=wp, T=T0)
which completes the proof. O

By the previous analysis and combining the Lemmas 3.1, 3.2, and 3.3, we can establish the following theorem.

Theorem 3.4. For the uncontrolled system (1.2) if the assumptions (Hy) and (Hz) hold, then we deduce the following
results.

(i): E* is asymptotically stable for T € [0,79) and unstable for T > 7.
(ii): When 7 = 719, the uncontrolled system (1.2) undergoes a Hopf bifurcation at E* i.e., a periodic solution
bifurcates from E* near T = 1.

3.2. Influence of the controller (1.3) on bifurcation for uncontrolled system (1.2). In this subsection, by
employing the time-delayed force (1.3), we focus on the problem of bifurcation control for stabilizing the creation of
bifurcation in the uncontrolled system (1.2). The considered controlled system takes the form

Dix(t) = (1 — bx) — ay — zz,
Diy(t) = —cy + xy + u(t), (3.18)
Dy 2(t) = fau(t = 7)z(t —7) + gy(t = 7)2(t = 7) — (e + B2)z,

where u(t) is stated in (1.3).

Analogously, by performing a transformation Wi (t) = x(t) — =*, Wa(t) = y(t) — y*, Ws(t) = 2(t) — z* and using
the linearized scheme, the linear equation of the controlled system (3.18) around E* can be derived as follows:

DEWL(t) = —ba* Wi (t) — a*Wa(t) — z*Wa(t),
D{Ws(t) = y* Wi (t) + K (Wa(t) — Wa(t — 7)), (3.19)
DiWs(t) = f2*Wilt — 1) + gz"Wa(t — 7) + (fz* + gy")Ws(t — 7) — (e + 2B827)W3(1).

The corresponding characteristic equation can be formulated as

s + bx* x* x*
det —y* s — K+ Ke™®" 0 =0,
_fz*efsﬂ' _gz*efsf sY L et Qﬁz* _ (fl‘* —|—gy*)efs"

which is equivalent to

s + Ro25** + Ro15® + Roo + (P2282a + Po1s® 4+ Pyy)e™ ¥ + (Q115” + Qlo)e_QST =0, (3.20)
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where

Ros = bx* + 282" — K + e,
Rox = (=bK + (e + 282)b -+ y*)a* + (—e — 262") K
Roo = ((—e — 2B2%)bK + (e + 282" )y*)z”
Py = K — fx* — gy*,
Py = —bfz" + ((b+ K
Py = (F(OK —y")a" +
Qu =—-K(fz" +gy"),
Qio = K(bfz™ + bgy™ — f2")z"
We further simplify the Eq. (3.20) as

o1(s) +&1(s)e™ " + a1 (s)e

)

(282" +gy* +e)b— f2")K

~2s7 _
where
o1 = 8> + Ry2s™ + Roys™ + R,
€11 = P2os® + Py15” + Pag,
§21 = Q115 + Q1o-
By multiplying e*” on both sides of (3.21), we get

o1(8)e’™ 4+ &11(s) + Ear(s)e™*" = 0.

Let s = iw = w(cos(3) + isin(%)) (@ > 0) be a root of Eq. (3.22).

separating the real and imaginary parts, we obtain
(B1 + B3) cos(wT) =P,
(B1 — Bs) sin(wr) = —72,

— 1 8in(wr) =
1 cos(wT) +
in which

B = @™ cos(3a

9 )-I-RQQUJ

cos(am) + Ray,

By = Pao®® cos(am) + Pyrw® cos( 5 ) + Py,

B3 = (Ra1 + Q11)w” COS( > ) + Quo,

7 o=w Sln(32 )+ Roow?® sin(am) + (Ro1 + Q11)w® sin(ag),
Yo = Paow?® sin(am) + Pyw® Sin(%).

Then we can derive

cos(@r) = — (B1 — B3)B2 + 7172 _ @(w)
B+ + (B2 —B3)B1— B2 Ow)’
sin(w7) = (’YI 12)B2 = P17 72(6)
BF+E+ (B2 — B3)B1 — Bz O@®)

Since sin?(w
2

0’ (@) = 0. (@) + 0,(®).

7) + cos?(wT) = 1, we have

(=)=
E)NE
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—bgy* + f2¥)x" + (282" + gy + e)K,
—g(y* — 2" )y*)a",

Then by substituting s into Eq.

(3.21)

(3.22)

(3.22) and

(3.23)

(3.24)

(3.25)
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According to cos(wT) = %(g) , we deduce
O = i arccos (%(w)) +2n|, 1=0,1,2,---. (3.26)
w O(w)

The bifurcation point can be presented by
710 = min{r®}, 1=0,1,2,---,

where 7(!) is already defined by Eq. (3.26).
Now based on (3.25), we further suppose

F@) =6 @) -6,@) - 6,@) =0, (3.27)
which can be deduced that Eq. (3.27) has at least one nonnegative real root.

In the following, we further look for the conditions for the emergence of Hopf bifurcation. Hence, the additional
hypothesis can be introduced as follows:

L1 iy + lofiz y

H ———
(Ha) ,U1+U%

)

where
Iy = Pyysin(am — @WipTi0)wig Tt + (2@11 sin (O;—W - 2510?10)
. am —a — in(io 1nr i W10T
+ P51 sin (7 - wloﬁ()))wld"l — W1o (P20 sin(@10710) + 2Q10 Sln(leoTlo))7
ly = — Py cos(ar — WioT10)wig ' — [26211 cos (% - 25107——10)
am o _ _ _
+ PQl COS (7 — 6107_'10>:|wlg_1 — W10 (PQO COS(wlOTlo) + 2Q10 COS(2W107'10)),
_ . (3am\_34_1 . . _ —2a-1
1 = —3asin (T)wlo — 2« (Rgg sin(a) + Py sin(am — wloTlo))wm
ar  ram o . (AT o
_ O[(le sin (7 — WIOTIU) =+ Qll sSin (7 - 2W107—10) + R21 sin (7>>w10 1
an am
+ 710 |:P22 cos(am — 5107"10)@%8‘ + (2@11 cos (7 — 2@10?10) + P cos (7 - U1oﬁo)>w?0

+ Py cos(@10T10) + 2Q10 COS(QWwﬁo)} )

3
fis = 3acos (%)53’371 + 2« (P22 cos(am — wW1pT1o) + Raa cos(om))@%“l

T QT aT _
+« {Qll CcoS (7 — 2@10?10) + Ps1 cos (7 — wl(ﬁ'm) + Rsq cos (7”5% 1
. L on L oram o oram N
+ T10 [ng sin(am — wloﬁo)wfo + (le sin (? - wloTlo) + 2Q11 sin (7 — 2w10710)>w10
— P20 Sin(wl(ﬂ_'lo) — 2Q10 sin(2@10f10)} .

Lemma 3.5. Suppose that s(1) = (1) +iw(7) be the root of Eq. (3.21) near 7 = 7 satisfying {(rV) = 0, w(rV) =
W10, then the following transversality condition holds

%(%) ‘(w:wlo77—:7’—10) ?é 0-

Proof. Differentiating Eq. (3.21) with regard to 7 in the light of implicit function theorem, we acquire that

d d

d—j + ()27 ( - QTdfj_ —25) =0, (3.28)
an
(o] < |

ds _erds er ds sy
&1(8) 7 + € (s)e ™ T+ Enals)e ™ (=7 —s) + € (s)e
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where &/;(s) is the derivatives of &;(s) (i =0,1,2).
Thus we have

ds _ Us)

o (3.29)
where

i(S) = 8[511(5)6—87' + 2521(8)8_257—]7

i(s) = &1 (s) + [5/11(3) - 7511(8)]6757 + [ﬁél(S) - 2T§21(3)]6728T.

Let I; (i = 1,2) be the real and imaginary parts of I(s) and fi; (j = 1,2) be the real and imaginary parts of fi(s),
respectively. Then it follows from Eq. (3.29) that

ds L lofi
%{7} ’ ==5 +732/~in (3.30)
dr 1 (w=w10, 7=710) g+ ps
The assumption (Hg) intimates that transversality condition is met. Hence, the proof is accomplished. O

Based on the previous analysis, we have the following theorem.

Theorem 3.6. Under the assumptions (Hy) and (Hs), the following results are deduced.

(i): If T € [0,710), then the positive equilibrium E* of the controlled system (3.18) is asymptotically stable.
(ii): If the condition (Hs) of Lemma 8.5 holds, then the controlled system (3.18) exhibits a Hopf bifurcation at
E* when T = T19.

4. NUMERICAL EXAMPLES AND SIMULATIONS

In this section, we present two numerical examples to verify the feasibility of the theoretical analysis regarding the
stability and bifurcation of the fractional-order delayed model (1.2), as well as the controlled system with a time-
delayed feedback controller. Additionally, we aim to reveal more dynamical behavior of the system through numerical
simulations. To carry out these simulations, we employ the Adams-Bashforth—-Moulton (ABM) predictor-corrector
scheme, as discussed in previous works [4, 34]. The simulations are conducted using MATLAB 2013a and Maple
2017 as computational tools. The ABM predictor-corrector scheme combines two approaches, namely, the explicit
Adams-Bashforth method and the implicit Adams-Moulton method. The explicit component utilizes past values to
estimate future values, providing a quick estimate, while the implicit component refines this estimate by incorporating
future values, thus enhancing stability and accuracy. This combination allows for higher precision compared to using
either method independently. The implicit part of the scheme is particularly advantageous for stiff ordinary differential
equations, where traditional explicit methods may encounter difficulties. By utilizing past values, the ABM method
reduces the number of function evaluations needed, making it computationally efficient for long-term integration
problems. Furthermore, the ABM method can be easily adapted to various types of ODEs and boundary conditions,
making it a versatile tool in numerical analysis and computational applications.

In the simulation, the step-length is designated as h = 0.05, and the initial values are taken as (1.78,0.17,0.39)
for all the examples. Moreover, we consider the same parameter values as in [20] which are listed in Table 1. For
these biologically feasible parameter set, the fractional-order time delay system (1.2) has only one positive equilibrium

X _ 3211 1027
computed as E*(x*,y*, 2%) = (2, 16550 3400)-

TABLE 1. The set of parameter and their values.

Parameter b B ¢ e f g
22

Value 2 3 207 86

2 700 13

it
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FIGURE 1. Phase portraits and time series solutions of system (4.1) when o = 0.97. (A) and (B)
indicate that for 7 = 0.45 < 79 = 0.6122, E* is locally asymptotically stable. (C) and (D) show that
for 7 = 0.6322 > 79, a periodic oscillation emerges.

Example 4.1. Consider the following fractional-order predator—prey system with time delay:

Dfa(t) = z(1 — ﬁx) —xy —xz,
Dity(t) = =2y + xy, (4.1)
907 86
Dy =—ux(t — - —y(t — —7)— 2
2 2(t) 7Oox(t Tz(t—71)+ 13y(t T)z(t—7) — (3+ 22)z,

where a € (0,1].

Choosing a = 0.97, we compute wy == 0.8267, 19 ~ 0.6122. If we consider the time delay 7 as a bifurcation
parameter, then by the aid of Theorem 3.4 we can observe that E* is asymptotically stable and its state trajectories
converge to E* when 7 = 0.45 < 79. The corresponding dynamic behavior is depicted by the subfigures (a) and (b) of
Figure 1. The subfigures (c) and (d) in Figure 1 indicate that E* of the uncontrolled system (4.1) is unstable, i.e, a
Hopf bifurcation occurs when 7 = 0.6322 > 79. When « = 1, the uncontrolled system (4.1) coincides with the integer
order system and for this case, the critical frequency and bifurcation value are acquired as wg = 0.9918, 75 ~ 0.2508,
respectively. For 7 = 0.221 and 7 = 0.265, the associated stable and unstable behaviours are depicted in Figure 2.
We can see that fractional-order is capable to postpone the onset and appearance of Hopf bifurcation which leads to
amplifying the stability domain of the corresponding fractional-order system.

(&)
ENE
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FIGURE 2. Phase portraits and time series solutions of system (4.1) when a = 1. (A) and (B) indicate
that E* is locally asymptotically stable when 7 = 0.221 < 7§ = 0.2508, while (C) and (D) show that
E* becomes unstable and a periodic oscillation emerges when 7 = 0.265 > 7.

Example 4.2. Herein, for controlling the onset of Hopf bifurcation of the uncontrolled system (1.2), the controller
(1.3) is imposed on the uncontrolled system (1.2) to better display the effects of bifurcation control in the system.
The same set of parameters and the fractional-orders as in Example 4.1 are taken, then the fractional-order controlled
system can be described as

4
Dpx(t) = z(1 — ix) —xy —xz,

Diy(t) = =2y +ay + K (y(t) —y(t — 7)), (4.2)
907
700
We numerically investigate the impacts of feedback gain K for postponing the Hopf bifurcation onset of system (4.2).
Thus by choosing K = —0.48 and applying Eq. (3.26) and Eq. (3.27), we obtain @ & 0.16858, and 7y ~ 0.9032. Figure
3 depicts the numerical simulations of the controlled model (4.2) for 7 = 0.896 < 7y ~ 0.9032, which clearly reveals
that the stability performance of the system is ameliorated and the considered uncontrolled system is successfully
controlled.

Dy z(t) x(t—T1)z(t—71)+ %y(f —7)z(t—7) — (34 22)z.

Also, for varying the feedback gain K, some comparative numerical results versus the associated critical frequency
wo and the bifurcation point 7y are carefully computed and are listed in Table 2.
a0
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FIGURE 3. (A) Phase portrait of the system (4.2) when o = 0.97 and 7 = 0.896. (B) Time series
evolution of species for a« = 0.97 and 7 = 0.896.

TABLE 2. The impact of K on the values of @y for controlled system (4.2) with o = 0.97.

Feedback gain K  Critical frequency @y, Bifurcation point 7

—1.98 0.60045 0.47716
—1.85 0.57980 0.47796
—1.48 0.51383 0.54986
—1.15 0.44199 0.63538
—0.95 0.38854 0.70080
—0.65 0.27837 0.82250
—0.48 0.16858 0.90318
—0.35 0.87732 0.56016
—0.25 0.80251 0.84443
—0.15 0.72102 1.05859
—0.095 0.67589 1.43534

Moreover, it has been shown that the impact of the feedback gain plays an important role on the stabilizing
bifurcation and it can be observed that the performance of bifurcation control are effectively improved when the
feedback gain gradually decreases.

5. CONCLUSION

In this study, we present a novel fractional-order delayed predator-prey model that incorporates three species, with
one species functioning as an omnivore. We derive the characteristic equation associated with the model utilizing
the Laplace transform and subsequently compute the critical frequencies alongside the critical time delay values that
facilitate the emergence of Hopf bifurcation. Our analysis yields significant results, including a comprehensive set of
sufficient conditions that guarantee the local asymptotic stability of the proposed model. The findings indicate that
the incorporation of time delays exerts a profound influence on both stability and the occurrence of Hopf bifurcation;
specifically, the fractional-order model with delay demonstrates the emergence of Hopf bifurcation at the positive
equilibrium point when the time delay exceeds its critical threshold. A comparative analysis between integer-order
and fractional-order models reveals that the fractional-order system possesses a more extensive stability domain than
its integer-order counterpart. Furthermore, both fractional-order dynamics and time delays are pivotal in shaping
the dynamical behaviors of the fractional delay model, thereby enriching its complexity and enhancing stability. To

an
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address the potential instability arising from Hopf bifurcation in an uncontrolled system, we implement state feedback
control with time delay. Our results illustrate that through judicious adjustment of the feedback gain and time delay
parameters, it is possible to effectively postpone the onset of Hopf bifurcation within the fractional-order system.
Numerical analyses indicate that this control strategy, which incorporates time delays, demonstrates superior efficacy
in stabilizing bifurcations. For the numerical approximation of the model’s solutions, we employ a modified Adams-
Bashforth-Moulton predictor-corrector scheme. The simulations conducted validate the accuracy and effectiveness of
our theoretical findings.
Key insights from our research include:

e The control strategy can stabilize populations and minimize oscillations.
e Understanding time delays and fractional-order dynamics enhances conservation efforts for vulnerable species.
e The model aids in ecosystem monitoring, allowing for early detection of instability.

Future research should focus on addressing the following key areas:

e Expanding the model: The model’s predictive capabilities can be significantly improved by incorporating
spatial heterogeneity, environmental variability, and additional ecological interactions.

e Optimizing the control effectiveness: Determining the optimal feedback gain and time delay for different
ecological scenarios is essential for maximizing the effectiveness of control strategies.
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