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Abstract: In this paper, we considered a predator-prey model with self-feedback delay to investigate
its Hopf bifurcation and control. First, non-negativity, boundedness, and the existence and uniqueness
of solutions were discussed. Next, the conditions of the existence of the unique positive equilibrium
were analyzed. Then, by using delay as the bifurcation parameter, the local stability of the positive
equilibrium, and the existence and characteristics of Hopf bifurcation were investigated. Furthermore,
by designing a hybrid controller integrating linear time-delayed state feedback and parametric
regulation, the local asymptotic stability at the positive equilibrium was achieved within the target
delay interval. Finally, numerical simulations verified the theoretical results. From the perspectives of
unknown and known control gains, the stability switching mechanism and the maximum stable delay
interval were explored. The results demonstrated that the proposed hybrid controller maintains system
stability over a wider delay range and eliminates population extinction risks, providing a theoretical
basis for stability regulation in ecosystem management.
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1. Introduction

In natural ecosystems, the interactions between predator and prey are highly complex. To investigate
their dynamic behaviors, Lotka and Volterra proposed the classic Lotka-Volterra model [1, 2], which
laid a crucial foundation for subsequent research. Inspired by this model, numerous researchers have
extended its framework by taking in more factors, such as selecting functional response functions,
incorporating non-lethal effects, and introducing growth delay effects, to simulate complex ecological
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interactions among multiple species [3]. To enhance model realism, some scholars have focused on
key biological factors. For example, fear effects significantly suppress juvenile reproduction and adult
survival [4,5]. Refuge effects lead to sustained increases in prey density and drive Turing pattern
evolution [6]. Harvesting of economically valuable species serves a dual role in sustaining human
subsistence and maintaining ecological balance [7]. Integrating these external factors to reflect real-
world conditions has propelled significant advancements in this field [8—10].

Wang et al. [8] investigated the impact of the fear effect in a Beddington-DeAngelis prey-predator
model with prey refuge as follows:

dx ( 1 X Bl —m)xy A

— =rx -2)- — q1Ax,

dr 1+Ky kK a+d-mx+y & 0
dy B —m)xy p q2By .

dr a/1+(1—m)x+y_ ! _quzB"‘sz,

where x(#) and y(#) denote the densities of prey and predator populations at time #, respectively. K > 0
refers to the level of fear and m € [0, 1) is the rate of refuge of prey. Other parameters’ biological
interpretations are detailed in [8]. The authors conducted an in-depth analysis of the impact of fear and
refuge effects on this model, and systematically investigated codimension-one and codimension-two
bifurcations.

Delays are prevalent in ecological, neural, and physiological systems, manifesting as maturation
periods in population reproduction, signal transmission lags, or resource regeneration intervals [11].
Studies demonstrate that exceeding critical delay thresholds destabilizes steady states, inducing
complex dynamics such as chaotic oscillations, periodic solutions, or multistability [12—14]. Ignoring
inherent population delays causes model distortion, while delay-induced Hopf bifurcation serves as
the core mechanism for the transition from steady states to periodic oscillations, holding significant
theoretical value in biomathematics [15]. In population ecology, delays can trigger Hopf bifurcation by
modulating interspecific or intraspecific feedback. Xue et al. [16] investigated the impact of non-local
delay on vegetation pattern dynamics and discovered that delay intensity significantly boosts vegetation
biomass. Zhu et al. [17] studied the regulatory effect of intraspecific delay on the Michaelis-Menten-
type harvesting Lotka-Volterra mutualistic model.

As a result, delay has become the theoretical foundation for analyzing oscillations, bursts, and
spatial patterns in biological systems by inducing Hopf bifurcations. Based on the aforementioned
viewpoints, and assuming that prey density is affected by delay effect caused by competition for
environmental resources, then we can modify model (1.1) as follows:

dx ( 1 x(t—1) B(1 —m)xy A

— =rx - - - X,

dr 1+Ky & o+ (l—mxt+y I 12
dy _ Bid-mxy p q2By '

dr oz1+(l—m)x+y_ 1y_P1Q2B+P2y’

where 7 is a self-feedback delay induced by prey competition for resources. All other parameters are
positive real numbers. Before starting the detailed study, we denote @ = 1, E1 = q14, E2 = ¢»B, and
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model (1.2) is as follows:
d 1-
& X _r ax(t—1) | — A )Xy - Ex,
dr 1+ Ky

dy _ A0 —m)xy gy L2
dt a+(0-mx+y Ly piE> + poy’

(1.3)

The initial conditions of model (1.3) are

x(0) = ¢1(6), y(0) = ¢2(6), 0 € [-7,0), ¢:(0) > 0, ¢2(0) > 0.

Indeed, bifurcations observed in engineering fields such as bridge construction, aerospace,
machinery, and power systems are closely related to chaos. When parameters cross their critical
thresholds, the occurrence of bifurcation induces destructive dynamic responses including jumps,
hysteresis, oscillatory instability, and even sudden collapse. The algal bloom phenomenon can be
substantiated by bifurcation/chaotic behaviors induced by parameter variations [18], whereas the
fishery collapse mechanism has been validated through dynamical features including transcritical
bifurcation, saddle-node bifurcation, and Hopf bifurcation in a delay-induced predator-prey
model [19].

To suppress adverse ecological phenomena induced by bifurcations and enhance system stability,
researchers are focusing on bifurcation control through biomass feedback. This approach, which
involves designing controllers to alter the bifurcation characteristics of nonlinear systems for
eliminating harmful dynamic behaviors and inducing desired ones, is rapidly emerging as a frontier
direction in the field of nonlinear dynamics [20]. After May’s pioneering work in the 20th century [21],
extensive developments have been used in ecology, biology, and applied engineering. Researchers
have used the state feedback control method [22-24], parameter perturbations [25-27], hybrid
control (combining feedback and parameter perturbations) [28-30], and time-delayed state feedback
control [31-33] to effectively suppress bifurcations. Zhang et al. [23] considered the Willametto-
Rossler system, proposed a state feedback control method, and investigated the anti-control of Hopf
bifurcation in this system. Mu et al. [30] investigated hybrid control of Hopf bifurcation in a spatial
prey-predator model with cooperative hunting and fear effect. Ou et al. [33] established a delay control
framework for bifurcation regulation and stability enhancement in delayed predator-prey system,
contributing to ecological balance maintenance. Although biological control is an effective means
of intervening in ecosystems, research on the application of hybrid control that combines time-delayed
state feedback and parameter regulation in predator-prey systems remains insufficient.

The main contributions of this study are summarized as follows: we introduce a self-feedback delay
induced by prey competition for resources and discuss the critical conditions about Hopf bifurcation.
Based on the above results, we propose an innovative hybrid control strategy that effectively regulates
the stability region of model (1.3) and the onset time of Hopf bifurcation. Furthermore, numerical
analysis demonstrates that gain conditions ensuring system stability under arbitrary delay can be
derived when control gains are unknown, providing theoretical guidance for gain selection , and that
the maximum stable delay interval can be quantified when gains are specified, thereby laying the
foundation for enhancing system performance through delay regulation.

The remaining of this paper is organized as follows: in Section 2, the peculiarities of the
solutions (e.g., non-negativeness, boundedness, existence, and uniqueness) of model (1.3) are
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discussed. In Section 3, the existence of the positive equilibrium is demonstrated. In Section 4,
the local stability of the positive equilibrium and the existence of Hopf bifurcation of model (1.3) are
investigated. Based on normal form theory and center manifold theorem, directions of Hopf bifurcation
and stability of the bifurcating periodic solutions are also discussed. In Section 5, the local stability
of the positive equilibrium and the existence of Hopf bifurcation of model (1.3) with hybrid control
strategy are analyzed. In Section 6, numerical simulations are given to illustrate the results. Finally,
conclusions and brief discussions are presented in the last section.

2. Well-posedness

In this part, we will discuss the well-posedness of solutions of model (1.3) by using fixed point
theory, inequality techniques, and construction of a reasonable function. Biologically, this is important
due to population feasibility and finiteness. Thus, we study the dynamics of model (1.3) within the first
quadrant (R?).

Theorem 2.1. All solutions of model (1.3) starting with R? are non-negative.

Proof. From the first equation of model (1.3), we obtain that

_ oo Bl-mye)
X(”‘X(O)exp[/o <1+Ky(g> ST (= mats) + () El) ds].

From the second equation of model (1.3), we have

' Bi(1 —m)x(s) E,
=y(0 -0 —— | dg|.
Y0 =y Oexp [/0 (a'l +(1-mx©) +y§) ' piEs+ Pz)’(S‘)) g]
This implies that x(¢) > 0, y(¢) > 0 whenever x(0) > 0, y(0) > 0. O

Theorem 2.2. If B; — B — 6, + E; < 0 holds, then all solutions of model (1.3) starting with R? are
uniformly bounded.

Proof. Assuming that @w(t) = x(¢) + y(¢), then
dw(?) dx(r) N dy()

dr dr dr
- B)(1 - E
= ™ axx(t—1)—-E;x+ B =P mxy -6y — _my
1+ Ky a+(1-mx+y p1E> + poy

B-p-mxy
a+(1-mx+y
< —Ei(x+y)+rx—ax’+ (B —B -6+ E)y.

< (r—El)x—ozx2+ 1y

If g, — 8- 6, + E; <0 holds, then

dw(?)

=—-Ewlt)+1
dr 1@ (1) 5

where [ = max(rx — ax?) = %. Therefore, by using the theorem of differential inequality [34], we have

0<w( < w‘(())e_Elt + — —Eit

- —e
E, E;
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Since E; > 0, then 0 < w(f) < Eil, t — oco. Therefore, all solutions of model (1.3) are uniformly

bounded. O

r2

Theorem 2.3. Denote ® = {x,y € R2 : max{|x],|y|} < M}, where M = Gap;- Under the condition
B1—B -6+ E; <O, for each (x(0), y(0)) € ®, model (1.3) has a unique solution U = (x,y) € ©.

Proof. Define
F(U) = [F1(U), F>(U)],

where U = (x,y), and

— _rx_ _ ) Bl=mxy — Bild-mxy _ _ __Ey
F(U) = 1+Ky axx(t =) a1 +(1-m)x+y Eyx, Fr(U) = a1+(1-m)x+y 61y P1Ex+pay”

For every U, U € @, we have

_ rx rXx o -
| F(U)-FWU) Il = ‘(1+Ky—1+Ky)—CY(XX(I—T)—XX(I—T))—E1(X—X)
xy Xy
A m)(a1+(1—m)x+y 011+(1—m))'c+)‘)>)
Xy Xy -
- ‘Bl(l m)<a/1+(1—m)x+y a/1+(1—m))_c+)7> O1(x =)
y y
- E -
2<P1E2+P2y P1E2+P2)_’>‘
< (r+2aM+E1)|x—)'c|+(%+91)|y—)7|+(ﬁ+ﬁ2(1_m)|xy—)‘cj/|
1
1
= (r+2aM+E1)|x—)'c|+(1—)+91)|y—)7|
+ (ﬂ+ﬁl)(1_m)|xy—)'cy+)’cy—)’cyl
a;
< pilx =X+ paly = ¥l
< plU-UI,

where p; = (r + 2aM + E| + W), 0y = (% + 0 + W) , and p = max{pi, 0,}. Thus,
F(U) obeys the Lipschitz condition for U. Using the fixed point theorem [35], the above conclusion is
right. O

3. Existence of a unique positive equilibrium

This section will prove that model (1.3) has a unique positive equilibrium under specific parameter
conditions. We assume that C*(x*, y*) is the positive equilibrium of model (1.3), and define

—_r p-m)y
Fi(x,y) = 1+Ky—OlX—m—E1, 3.1)
Fy(x,y) = 2o = 0 — o ‘

ap+(1-m)x+y p1Ex+pay”

Then the positive equilibrium C*(x*,y*) of model (1.3) satisfies Fi(x,y) = 0 and F(x,y) = O.

Moreover, if % # 0, % # 0, according to the implicit function theorem, then

(x*,y") (x*.y")
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functions y = fi(x) and y = f>(x) can be defined by equations F(x,y) = 0 and Fy(x,y) = O,
respectively. Furthermore, we assume that functions y = fj(x) and y = f5(x) are different monotonic
(one strictly increasing and the other strictly decreasing) in the first quadrant. If the above functions
intersect in the first quadrant, then the intersection point is unique.

For the first equation of Eq (3.1), when y = 0, we have x = "f‘ =: x; > 0 if the condition

(Hy) : r — E; > 0 holds. When x = 0, we have

my* +my +n; =0, (3.2)

where n; = KE; + KB(1 —m) > 0,n, = (1 —m)+ yE\K+ E; —r,n; = a;(E, — ).
It should be noted that ; < 0 under the condition (H,). Therefore, A = 175—4n;173 > 0, then Eq (3.2)

has a unique positive real root y = % =: y; € (0,+00). Taking the partial derivatives of F;(x,y)
with respect to x and y for the first equation of Eq (3.1), we get
OF\(xy) _ _ PU-mPy _ OF(xy) ___ Kr B -mla+(1-myx]
Ox [a; + (1 — m)x + y]? ’ Oy (1 + Ky)? [a; + (1 —m)x+y]?

Clearly, ”a;}y) < 0. If the condition (H,) : 4E;a* > Br*(1 — m)? holds, then £ < 0. Thus, y = fi(x)
passes through the points (x;,0) and (0,y;), where x; > 0 and y; > 0 under the condition (H;).

Furthermore, y = f;(x) is a decreasing function under the condition (H,).
al(&*’%)

For the second equation of Eq (3.1), when y = 0, we have x = oo = %2 > 0 if the
Pl

condition (H3) : f — 6, — % > 0 holds. When x = 0, we have y = —% =: y, < 0. Taking the

partial derivatives of F,(x,y) with respect to x and y for the second equation of Eq (3.1), we get
OFx(xy) _ BU-m@i+y) Fxy) _ pp pil—m)x
Ox [ + (1 —m)x +y]*"  dy (P1Ex + poy)* [an + (1 —m)x +y]*

) .. —m)2 CELE?

Clearly, % > 0. If the condition (Hy) : 6 > - flllgﬂl)—m)rz - (4{)112’; Eil,izﬂ)l holds, then (% < 0.

y = f>(x) passes through the points (x;,0) and (0, y,), where x, > 0 and y, < 0 under the condition
(H3). Thus, y = f>(x) is an increasing function under the condition (Hy).

If (Hs) : x < x; holds, then y = fj(x) and y = f>(x) have a unique intersection in the first quadrant,
which means that Eq (3.1) has a unique positive equilibrium C*(x*,y*). Thus, we have the following
theorem.

Theorem 3.1. The model (1.3) has a unique positive equilibrium C*(x*,y") if conditions (H,)—(Hs)
hold.

Remark 1. The existence of multiple positive equilibria has been investigated in [8], but we give a
unique positive equilibrium by using the other method that is not used in that work [8]. The local
asymptotic stability of non-negative equilibria has been analyzed in [8]. Therefore, we do not discuss
it again, and only discuss the bifurcation of a unique positive equilibrium.

4. Bifurcation

4.1. Hopf bifurcation

In this part, we will only investigate the effect of delay on the dynamics of model (1.3) around the
positive equilibrium C*(x*,y*). For convenience, we first translate the positive equilibrium C*(x*,y*)
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to the origin by setting X = x — x* and y = y — y*, and drop the bar for convenience of notation. Then,
the linearized system of model (1.3) can be obtained

=ayx+apy+byx(t - 1),

(‘11; 4.1)
-~ = axXx+any,
dt Y
where BU—m)y*( ) BA-—m)x*[a; +(1-m)x"]
_ r_ * —m)y* (@ +y*) _ __rKx* —m)x*[a1+(1-m)x*
an = 1+Ky* ax [a) +(1—m)x*+y*]? Ey, ap = (1+Ky*)? [a +(1-m)x*+y*]*
oy _ Bird-m)y*(e1+y") _ Bid-m)x"[a;+(1-m)x*] _ _ piE;
bi = —ax’, an = G e 92 = T 1™ GiErtpy
The characteristic equation of model (4.1) around C*(x*, y*) takes the following form
2 )
A" = (a1 +an)d = by (A —axn)e™™ +apaxn —apax = 0. 4.2)

Assuming that
(He) : any +ax + by <0, (an +bi)axp —apaxy > 0.

It is easy to know that model (1.3) without delay is locally asymptotically stable at the positive
equilibrium C*(x*, y*) if the condition (Hg) holds.

Next, subsequent analysis will systematically elucidate the mechanisms through which delay
influences the stability of state in model (1.3). Suppose that Eq (4.2) admits a root iw (w > 0), then it
follows

—w* - (an +axn)iw — by (iw - azz)e_im +ayaxn — apax = 0. 4.3)
By Eq (4.3), we have
— b]la) Sil’l((,l)T) + angll COS((,UT) = (,l)2 — dapax + apas, (4 4)
— by w coS(WT) — axnb; sin(wt) = (a1 + an)w. '
Additionally, Eq (4.4) demonstrates that
Gi(2):=7Z*+PZ+Q =0, 4.5)

where Z = w?, P = a3, + a3, + 2apa; — b3, and Q = (apaz — aj1ax)* — a,b?,. After the discussion
about the roots of Eq (4.5), we can get three conditions as follows:

(H;): P>0and 0 >0, (Hg): Q <0, (Hy): P*>4Q,P <0and Q > 0.

If the condition (H~) is true, then Eq (4.5) has no positive root, which means that such w does not
exist. Thus, C*(x*,y") is locally asymptotically stable for all 7 > 0 if conditions (Hg) and (H7) hold.
Moreover, if (Hg) fails and (H7) holds, then C*(x*, y*) is unstable for all 7 > 0.

If the condition (Hg) is true, then there exists a unique positive root w% for Eq (4.5). Substituting wy
into Eq (4.4), it follows that

T = wio [arccosSl + Zjﬂ ,
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2 2
= ce _ Tanwg—aidy+andid)
where j=0,1,2---,and §| = e )

If condition (Ho) is true, Eq (4.5) has positive roots w? and w?. Substituting w. into Eq (4.4), it
follows that

Tji- = wii [arccosSg + Zjﬂ ,

2 2
. —a11 W3 —a1105,+a2a12a2]
Where] =0,1,2---, 8, = +b11(a%22+2-w§;) ’

Let A(7;) = iwy be aroot of Eq (4.2). Differentiating both sides of Eq (4.2) with respect to 7, we get

dAa - _ 21 — (6111 + 6122) - blle_/“ T
dr Bl —bll/l(/l - (122)6_/” /1

By a series of computations, we further get

Re(Ge)

G (wp)
T=Tj,A=iwy b%l(a%Z + CL)(Z)) ’

When (Hy) holds, since G(0) = Q < 0, G1(o0) = oo, we obtain G(w}) > 0. It is well known that

da da
sign{Re(d—)} = sign{Re(—)_l} > 0.
T T=7j,Ad=iwg dT

T=7,A=iwg
In a similar way, let /l(TJi-) = iw. be a root of Eq (4.2). When (Hy) holds, since G;(0) = Q > 0,
G1(c0) = 00, we obtain G (w?) < 0 and G;(w?) > 0. Therefore, we further get

sign{Re(j—i)}

As a consequence of the above analysis, we have the following results:

Theorem 4.1. (i) If (He) and (H7) hold, then the positive equilibrium C*(x*,y*) of model (1.3) is locally
asymptotically stable when v > 0. If (Hy) fails but (H7) holds, then C*(x*,y") is unstable when T > Q.
(ii) If (Hg) and (Hyg) hold, then C*(x*,y") is locally asymptotically stable when t € [0, 1), but unstable
when T > 19. Moreover, when 1 crosses the threshold value T, model (1.3) loses its stability and Hopf
bifurcation occurs at C*(x*,y").

(iii) If (He) and (Hy) hold, then C*(x*,y") is locally asymptotically stable for T € (0,7§) U (15, 7]) U
<+ U (17, 7}) U -+ and unstable for T € (t5,75) U (71, 77) U -+ U (77,7;) U ---. In addition, the
model (1.3) undergoes a Hopf bifurcation at C*(x*,y") whent =73, j =0,1,2,---.

<0, sign{Re(d—/l)} > 0.
dr

T:T;-,/l:iw_ T:‘r;-,/l:i(w,

4.2. Properties of Hopf bifurcation

From Theorem 4.1, we have obtained the conditions for the existence of Hopf bifurcation when
7 = 7. In this subsection, we will consider the direction of the Hopf bifurcation and the stability of
bifurcating periodic solutions of model (1.3) by using the center manifold and normal form theories
presented in [36].

Lett =19+ 0, ui(t) = x(vt) — x*, up(t) = y(rt) —y* , and u,(6) = u(t +0) for 0 € [—1,0]. Model (1.3)
becomes a functional differential equation in C([-1, 0], R?) as follows:

w(t) = Lo(u,) + f(or, uy), (4.6)
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where u(f) = (u; (1), u»(t))T € R%, L, : C — R?, and f : R x C — R? are defined by

Ly($) = (1o + 0)(119(0) + 2p(=1)), f(0,8) = (fi(0 ), folo, $)),
where ¢ = (¢1(6), $2(6)) € C[-1,0],R?),

apg ap by 0
Jl = 5 J2 = 5
ary axn 0 0

and
ano$?(0) + ai1¢1(0)$2(0) + a10243(0) — ap1(0)g (—1)
f(O', ¢) = (TO + 0-) 2 2 ’ (47)
ano$71(0) + a21161(0)¢2(0) + az0245(0)
where
Qoo = @ 4 Bl=m@isy) K Aem) @2y res B -m) (@)
120 = 72 7 [+ (l—myxr+y P2 UL T (1Ky)2 [a +(1—m)x*+y 3 ’
_ BU—m)x*[ay +(1—-m)x*] rK2x* _ _ Bid-m)*y*(a1+y")
a2 = [a+(1—m)x*+y*]3 + (1+Ky*)3° ano = [a1+(1—m)x*+y*]3 °
o1y = Bi(1=m)>x* (a1 +2y")+a1 S (1-m)(a1 +y*) oo = _ Bid=m)x"[a; +(1-m)x"] p1p2E3
2= [ +(1=m)x*+y'P > 202 = [ +(1-m)x*+y* T’ (P1E2+p2y™)”

By the Riesz representation theorem [37], there exists a 2 X 2 matrix-valued function {(6, o) of
bounded variation for 6 € [—1, 0] such that

0
L(¢) = / 4£(0, )(0), for ¢ € C([-1,01, B2).
-1

In fact, we can choose
£0,0) = (1o + o)[J16(0) — J,6(0 + 1)],

where 6(6) is a Dirac delta function.
For ¢ € C([-1, 0],R?), define

de(6)
A = Y
/ L6, 0)8(6), 6 = 0,
-1

0e[-1,0),

and
0, 6e[-1,0),

R(@)9(6) = { o6 60

Then model (4.6) can be rewritten as
i; = A(o)u; + R(o)u;. 4.8)
For i € C!([-1, 0], R?), the adjoint operator A* of A is defined as

_dy(s)
ds ’

0
/ Y(=£)d(£,0), s =0,
-1

s € (0, 1],

AY(s) =
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and a bilinear inner product

0 o
(W(s), p(0)) = ¥(0)¢(0) — / e Ol/7(§ — 0)d{(0)p(£)d¢E, (4.9)
where £(0) = £(6,0). From the above discussion, we can know that +iw, are the eigenvalues of A(0),
thus +iwy are also the eigenvalues of A™.
Let g(0) = (1,v)Te®™ be the eigenvector of A(0) corresponding to the eigenvalue iwyt,, and
g*(s) = D(1,v*)e™0™S be the eigenvector of A* corresponding to the eigenvalue —iwyty. With the
conditions A(0)q(0) = iwq(0), and A*q*(0) = —iwyq*(0), we obtain

liwol — (J; + J2e™)]g(0) = 0, [—iwol — (JT + J3 e“"™)]q*(0) = 0, (4.10)
where [ is an identity matrix of order 2. Solving Eq (4.10), we get v = iwgi‘azz, Ve = iw:)‘i'[jzz.

By virtue of (4.9), it derives that

0 po
(.9 = q(0)q0) - / ] / Oé*(g—e)d{(é)q(f)df
— é::
0 0
= DA, v)(1,»" =D / (1,v)e 0™ C0dz6)(1, v)" e dé
0=—1J£=0

D(l + v+ Tob“e_inTO).

In order to satisfy that {g*, g) = 1 and {g", ) = 0, we can choose D = [1 + vW* + 1ob; e"™]~ !,

Next, we will compute the coordinates to detail the center manifold Cy at o = 0. Let yu, be the
solution of Eq (4.8) when o = 0. Define

2ty ={q" u), W(t,0) = u(8) - zq(6) - 2q(0) = u,(6) — 2Rez(1)q(6). (4.11)

On the center manifold C, it derives that

2 2
W(z,0) = W(z(1),2(1),0) = Wzo(g)% + Wi (0)zz + Woz(Q)% +ee (4.12)

where z and 7 are local coordinates for Cy in the direction of ¢* and ¢*, respectively. When ; is real,
W is also real. Therefore, we only consider real solutions. For the solution u, € Cy of Eq (4.8), since
o = 0, then we have

() ={q", u(t)) = {q", AQQ)u, + R(O)ur) = (A*(0)q", u) + ¢*(0) f (0, u,) = iwoToz(t) + 8(z,2),

where
_ b 7 %z
2(z,2) = ¢*(0) f(0)(W(z,Z,0) + 2Re(z(t)q(0))) = 8207 + U+ gy F g+ (4.13)

It follows from (4.11) and (4.12) that
1 (0) = Wan(0)5 + Wii(0)Z + Woa(6)5 + (1, ) 0™z + (1, 7) e nmofZ 4. ..
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From (4.7) and (4.13), it derives that

(3]

_ = _ 1< = _ _
8(z,2) = [210D(kyy + ko1 v¥)] 5t [T0D(kiy + knpv)| 22

(4.14)

2 2

+ [ZToD(kw + k23v*)} ) + [TOD(km + k24v>x<)] > Foee,

where
kii = aig + ap v — ae™™, ky = ayo + axv, ki = 2ap0 + ajv — ale 0 + 7)),
koy = 2anp0 + ain + axv + 2a100v, kiz = aio — Oleiwm, ko3 = axno + any,
kia = 2a120 [Wig (0) + 2W((0)] + ary [2vWi1(0) + 2W(P(0) + Wig(0)]
+4ai0v W11 (0) — a[e“ Wi (0) + 2“0 W (0) + 2Wi} (= 1) + Wig (= 1)],
kaa = @111 Wig (0) + 2a200 [Wig (0) + 2W (1 (0)] + aary [2vW(1(0) + 2Wi7(0) + Wi (0)]
+ 261102VW§))(0) + 4Vd202 Wﬂ)(O)
By comparing coeflicients with (4.13) and (4.14), it derives that
g20 = 270D(ky1 + ky1v*), g1 = ToD(k1a + kpavi),
go2 = 270D(k13 + kp3vx), ga1 = ToD(kig + kpgv).
Since Wy, and Wy are still unknown, we still compute them. By virtue of (4.8) and (4.11), we have
W = U —2q — ZC_]
_ AW —2Re{g"(0)foq(0)}, 6e[-1,0) 4.15)
AO)W —2Re{g"(0)foq(0) + fo(z,2)}, 6=0
£ AW + H(z,Z,0),

where ) R
Z Z
H(z,7,0) = Hzo(e)z + H;1(0)zz + Hoz(e)a +e (4.16)

Substituting (4.16) into (4.15) and comparing coeflicients, we can obtain
(AQ0) = 2iwoT9) W0 (0) = —Ha0(0), A(O)W11(0) = —H11(6). (4.17)
From (4.15) and for 6 € [—1, 0), we know that

H(z,7,6) = =¢"(0) foq(0) — *(0) foq(6) = —g(z,2)q(6) — &(z, 2)q(6). (4.18)
Using (4.13) in (4.18) and comparing coefficients with (4.16), it derives that
Hy(0) = —8209(0) — 8024(0), H11(0) = —g119(6) — §114(0). (4.19)

Because g(8) = (1,v)T e ™ based on (4.17) and (4.19), we can obtain

ngOC](O) e[‘wo‘roe + lgOZQ(O) e—[w0T09

Wao(6) = + M, e’
woTo 3(1)07'0
—ig11q(0) , i211G(0) _,
W,i(6) = i81190) Jiwyo | 1819O) iwyre |, M,
wWoTo wWoTo
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where M; = (M\", MY, M, = (M{",M’)" are 2-dimensional constant vectors, and can be
determined by setting 6 = 0 in H(z, Z, ). Furthermore, we get

2wy — ayy — byje ¥ —ap - ki
M] = 2 . .
—ay; 2iwy — ax ko

-1
2lwg —ayy — by —anp kia

M2 =2 .
—dy —an ko>

Based on the above analysis, we can determine g, and the following quantities can be given

i 02\ | 21
) Ep— ~2lgy [P - B2y 4 82
c1(0) Yonts (820811 — 2lgu1l 3 ) >
sy = Ref{c1(0)}
)= e,
Re{A’ (7o)}

B2 = 2Re{c1(0)},
7. — _Im{c,(0)} + poIm{A’ (7))}
2T woTo .

Thus, the properties of Hopf bifurcation at 7 are given by the following theorem:

Theorem 4.2. (i) If u, > 0 (uy < 0), then Hopf bifurcation is supercritical (subcritical);
(ii) If B2 < 0 (B, > 0), then bifurcating periodic solutions are stable (unstable);
(iii) If T, > 0 (T, < 0), then the period of the bifurcating periodic solution increases (decreases).

5. Control of bifurcation using a hybrid controller

In real predator-prey systems, key parameters include the intraspecific competition coefficient
among prey and the interspecific competition coefficients between predators and prey (such as growth
rate, competition coefficient, predation rate). These are influenced by environmental factors (such as
temperature and light). Therefore, by adjusting these parameters, the dynamics of the system can
be regulated. Inspired by the methods in [28, 30], we introduce the following hybrid controller into
model (1.3)

rx B(1 —m)xy
. (1 + Ky @t = 1) - a+(1-mx+y - Elx) + ko [x(1 = 7) = x(0)],

where k; and k, represent feedback gain coefficients. k; > 0 enables the adjustment of parameters,
including intraspecies interaction coefficients, interspecies interaction coefficients, and birth and death
rates. In the process of adjustment, factors that influence these parameters, such as temperature that
affects the birth rate, can be taken into account. The birth rate can be regulated by controlling the
temperature. k, represents the change in the number of prey at time ¢. k, > 0 indicates the increase
in their numbers, such as reducing harvesting, while k, < 0 indicates the decrease in their numbers
through harvesting. Therefore, it is reasonable to regulate the system by adjusting the parameters and
the change in prey at time ¢.
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The following controlled prey-predator model is given by using the above hybrid controller

dx B rx N B — m)xy _ — ) —
i ki (1 T Ky axx(t—1) @+ (1 —mxty Elx) + ko[ x(t — 1) — x(0)], 5
dy Bl —m)xy oy £V '

dr _a/1+(1—m)x+y_ 1y piE> + poy’

The control model (5.1) has the same positive equilibrium C*(x*, y*) as model (1.3). Let ¥ = x — x* and
¥ =y — ", and drop the tilde for convenience of notation. Then, the linearized system of model (5.1)
around C*(x*, y*) takes the following form:

dx

i (kiay — ko)x + kyaypy + (kibyy + kp)x(t — 1),

d; (5.2)
E = ayx + any,

where a1, a2, by, ay1, and ay; are given in (4.1). The characteristic equation of model (5.2) around
C*(x*,y") takes the following form:

A — (kiayy + ap — ko)A — (kibyy + ko) (A — az)e™ + kijajay — kaaz — kianas = 0. (5.3)
Assuming that
(Hyo) : ki(an +byy) +axn <0, ki((a; + biy)ax —apa) > 0.

It is easy to know that model (5.1) without delay is locally asymptotically stable at the positive
equilibrium C*(x*,y") if the condition (H;y) holds. Suppose that Eq (5.3) has a root iw (v > 0),
then we have

— (kiby1 + k)@ sin(@7) + an (kb + ky) cos(@T) = @& + (ki(ana — anan)) + kax, (5.4)
— (k1b11 + ko) cos(wT) — axp(ki by + ko) Sil’l((I)T) = (kjay + ax — k). ’
Additionally, Eq (5.4) demonstrates that
Go2) = 2% + Ai(kr. k) Z + Ao(ki k2) = 0, (5.5)

where Z = @2, ﬂ](kl,kz) = k%d%l + Cl%z + 2](161126121 - (klbll + k2)2 - 2k1k26111 + k%, ﬂg(kl,kg) =
K2 (apnay — ayjan)® — as,(kiby; + ky)*. We give three conditions as follows:

(Hyy) : Ay(ky, k) > 0 and Ay(ky, kp) > 0, (Hyn) @ Ax(ky, k) <0,
(Hy3) : (ﬂl(kl,kz))z > 4 A (ky, ko) > 0, Ai(ky, k) < 0 and Ay (ky, ky) > 0.

If condition (Hy;) is true, then Eq (5.5) has no positive root, which means that such @ does not
exist. Thus, C*(x*,y") is locally asymptotically stable for all 7 > 0 if conditions (H,¢) and (H;) hold.
Moreover, if (H) fails and (H;;) holds, then C*(x*, y*) is unstable for all 7 > 0.

If condition (H)») is true, then Eq (5.5) admits a unique positive root (1)3. Substituting @y into (5.4),
it follows that

T, = _i larccos S + 2nn] |
wo
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_ & _ —(han-k)d—(kiai1—ky)ad, +kiananan
wheren=0,1,2---,and §; = b (@5 .

If condition (H,3) is true, then Eq (5.5) has positive roots @2 and @?*. Substituting @, into (5.4), it
follows that

1 _
T, =— [arccosS )+ Znﬂ} ,
W+

—(kiay —k) @2 —(kia11 —k2) a3, +k1axaras
b1y (0%24’&&) ’

Let A(7,,) = i@, be aroot of Eq (5.3). Differentiating both sides of Eq (5.3) with respect to 7, we get

wheren =0,1,2---,and S, =

-
—(k1by1 + k) A(A — ap)e ™ A

(d_ﬁ) - 24— (kay + ayn — k) — (kibyy + ky)e™™
dr B

By a series of computations, we further get

day-!
Re(:)
© dr

_ Gy (@)
=Ty, A=l (kyb11 + k2)2(a%2 + (1_)(2))

When (H),) holds, since G»(0) = A (k, ky) < 0, Gy(c00) = o0, we obtain G5(@3) > 0. It is well known

that
da
sign { Re(—) }
g

In a similar way, let A(T})) = i@w.. be aroot of Eq (5.3). When (H,3) holds, since G»(0) = A, (k;, kz) > 0,
G,(c0) = 00, we obtain G5(@?*) < 0 and G5(@?) > 0. Therefore, we further obtain that

sign{Re(%)}

As a consequence of the above analysis, we have the following results:

da
= sign{Re(d—)_l} > 0.
T

T=Tp,,A=idg

da
<0, sign{Re(—)} > 0.
dr

=T, A=i0- =T}, A=id,

Theorem 5.1. (i) If (Hyo) and (Hy,) hold, then the positive equilibrium C*(x*,y*) of model (5.1) is
locally asymptotically stable when T > 0. If (Hyo) fails but (Hyy) holds, then C*(x*,y*) of model (5.1)
is unstable when T > 0.

(ii) If (Hyo) and (Hy3) hold, then C*(x*,y") of model (5.1) is locally asymptotically stable when v €
[0,70), but unstable when v > 7. Moreover, when t crosses the threshold value 7y, model (5.1) loses
its stability and Hopf bifurcation occurs at C*(x*,y").

(iii) If (Hyo) and (Hy3) hold, then C*(x*,y*) is locally asymptotically stable for T € (0,7§) U (T;,T7) U
< U(T,_, T U- - and unstable for T € (7§, 7)) U(T],T))U---UT,),T,)U---. In addition, the model

(5.1) undergoes a Hopf bifurcation at the positive equilibrium C*(x*,y") whent =7,, n =0,1,2,---.
6. Numerical simulation

In this section, we are interested to carry out numerical simulations by using MATLAB software
with the parameters mentioned in [8]: r =3, K =22, « = 0.2, ¢; = 0.01,8=15,8, =0.9, s = 0.1,
m=0.8,E; =09, E, =0.001, p; =0.9, and p, = 0.85.
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6.1. Uncontrolled model

The conditions (H;)—(Hs) are verified under the above parameters. According to Theorem 3.1, there
exists a unique positive equilibrium C*(0.4507,0.6976) of model (1.3), which can be seen in Figure 1.

2 , —

’y':fl(ﬂf)
—y = fo(x) ﬂ

157+

057

C*(0.4507,0.6976)

0 L
0 0.5 1 1.5 2
xr

Figure 1. A unique positive equilibrium C*(0.4507,0.6976) of model (1.3).

We can easily derive that the conditions (Hg)—(Hy) of Theorem 4.1 hold. We choose 7 as a
bifurcation parameter to observe Hopf bifurcation, as shown in Figure 2. From Figure 2, the positive
equilibrium C*(0.4507,0.6976) of model (1.3) is locally asymptotically stable when 0 < 7 < 6.124,
but C*(0.4507,0.6976) is unstable when 7 > 6.124. Model (1.3) goes through Hopf bifurcation at
the critical value 7o = 6.124. In order to describe the rationality of the analysis results, we have
drawn phase diagrams of model (1.3) with the parameters 7 = 6 and 7 = 7 (see Figure 3). Again,
the properties of bifurcating periodic solutions at 7y are given as C;(0) = —15.9949 + 1.58035i,
Hy = 476.2859, B, = —=31.9898, and 7T, = 1.0096. Therefore, Hopf bifurcation is supercritical,
bifurcating periodic solutions are stable, and the period of the periodic solution increases.

2.5 : : : 1.4
ol 12}
1»
o151
Yosl
1»
06}
0.5¢ 0.4}
0
0 2 4 6 8 0 2 4 6 8
T T

(a) (b)
Figure 2. Bifurcation diagrams of model (1.3) with respect to delay 7. (a) x, (b) y.
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, , : 1.2
C*(0.4507, 0.6976)
1 -
1 L
0.8}
Yy Y osl
0.6 06l
0.4 * . ! * * 0.4 . :
0 02 04 06 08 1 12 0 0.5 1 15
xTr xr
(@) (b)
Figure 3. The dynamics of model (1.3) around C*(0.4507,0.6976). (a) T = 6 < 6.124, (b)

T=7>6.124.

6.2. Controlled model

Based on the above numerical simulations, model (1.3) exhibits destabilizing behavior when 7 >
6.124. For the control model (5.1), to validate the effectiveness of the control strategy, we fixed that
T="1.

By fixing parameter k; = 1, model (5.1) is transformed into a linear time-delayed state feedback
control system. Parameter k, is selected as the bifurcation control variable. Stability analysis is
conducted at the original unstable point (7 = 7) of model (1.3) to determine the stabilizing intervals
with 7 of model (5.1). The system remains stable for k, € I; = (0.0048, 0.01], which is seen in Figure 4.

15}
11}
1 .
1t ko = 0.0048 1 09}
v Yos}
07}
05" ]
06}
05}
0 . ‘ X X ,
2 0 2 4 6 8 10 0 2 4 6 8 10
ko %1073 ko %107

(a) (b)

Figure 4. Bifurcation diagrams of model (5.1) with respect to parameter k, when k; = 1. (a)
x, (b) y.

To intuitively elucidate the parameter regulation mechanism, waveform plots and phase diagrams
are used to quantify the structure of stable state under varying k, (see Figure 5). As illustrated in

Figure 5, the amplitude of oscillation is significantly suppressed as k, increases.
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[
os/f |m‘|‘|'|mnlv||“rl|"n . ||||||||||l|||‘ mﬂlﬂﬂlﬂlﬂﬂ“ W T T Zj |
(af (b)t ©

Figure 5. Waveform plots and phase diagram of model (5.1) with respect to different
parameter k, when k; = 1. (a) Waveform plot of x, (b) waveform plot of y, (c) phase diagram.

Next, k, = 0.01 is selected from the stability region /; = (0.0048,0.01], and 7 is taken as a
bifurcation parameter, as shown in Figure 6. Comparing it with the uncontrolled model (1.3), it is clear
that the critical value 7 of Hopf bifurcation is shifted from 6.124 to 7.225. When 7 = 7, model (5.1)
is locally stable at the positive equilibrium C*(0.4507,0.6976) when k, = 0.01 (see Figure 7(a)).
Furthermore, as illustrated in Figure 7(b), when v = 8, the oscillation amplitude of Hopf bifurcation
decreases with the increase of k,. Therefore, the control parameter k, = 0.01 not only delays the critical
value of Hopf bifurcation, but also suppresses the oscillation amplitude.

In fact, by fixing parameter k;, = 0, model (5.1) transforms into a parameter-regulated control
system. The parameter k; is selected as the bifurcation control variable. In the same way, when 7 = 7
(original unstable point), the system remains stable for k; € I, = (0,0.937), as seen in Figure 8. To
intuitively elucidate the parameter regulation mechanism, wave plots and phase diagrams are used to
quantify the structure of stable state under varying k; (see Figure 9). As illustrated in Figure 9, the
amplitude of oscillation is significantly suppressed as k; decreases.

1.2 ~ ~ ~ ~ 1
1} 0.9}
0.8} 0.8}
Togl Yoz
04l 0.6}
0.2} 05}
0 0.4
0 2 4 6 8 10 0 2 4 6 8 10
T T
(a) (b)

Figure 6. Bifurcation diagrams of model (5.1) with respect to parameter 7 when k; = 1 and
k, = 0.01. (a) x, (b) y.
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1.2

! —Uncontlrol (ks =0) ! —— Uncontrol (ky = 0)
—— Control (k2 = 0.01) ——Control (ke = 0.01)]]

1.2
1
Yy 0.8} Y ,
0.8
06t 0.6 |
047
C*(0.4507,0.6976)
0.4 : : : : : .
0 05 1 15 0.5 1 1.5 2 25
€ x
(a) (b)

Figure 7. The effect of linear time-delayed state feedback controller on Hopf bifurcation. (a)
Stability changes at 7 = 7, (b) amplitude changes at 7 = 8.

1.5}
1+
.| ki = 0.937
T y 08¢
0.5 1 0.6
| J | K 0.4 H i i H
0.8 0.85 09 0.95 1 1.05 0.8 0.85 0.9 0.95 1 1.05
kl kl
(@) (b)

Figure 8. Bifurcation diagrams of model (5.1) with respect to k; when k, = 0. (a) x, (b) y.

15 —— 1.4
— k=1 1.2
ky = 0.9
—k =07 1
bl
T —r
| ‘ | 0.6
0 500 1000 1500 2000 0 500 1000 1500 2000 o 0.5 1 15
t t T
(@) (b) ©

Figure 9. Waveform plots and phase diagram of model (5.1) with respect to different
parameters k; when k, = 0. (a) Waveform plot of x, (b) waveform plot of y, (c) phase
diagram.

AIMS Mathematics Volume 10, Issue 11, 25380-25405.



25398

Next, k; = 0.8 is selected from the stability region I, = (0,0.937), and 7 is taken as a bifurcation
parameter, as shown in Figure 10. Comparing it with the uncontrolled model (1.3), it is clear that the
critical value 1 of Hopf bifurcation is shifted from 6.124 to 8.083. When 7 = 7, model (5.1) is locally
stable at the positive equilibrium C*(0.4507,0.6976) when k; = 0.8 (see Figure 11(a)). Furthermore,
as illustrated in Figure 11(b), when 7 = 10, the oscillation amplitude of Hopf bifurcation decreases
with the decrease of k. Therefore, the control parameter k, = 0.01 not only delays the critical value of
Hopf bifurcation, but also suppresses the oscillation amplitude.

1.5
1 .
T =8.083
09
Hi 08}
T Yy
0.7
05 06"
057
0 0.4
0 2 4 6 8 10 2 4 6 8 10
T T

(@) (b)

Figure 10. Bifurcation diagrams of model (5.1) with respect to parameter T when k; = 0.8
and k; = 0. (a) x, (b) y.

— Uncontrol (k1=1)
——Control (k; = 0.8)

— Uncontrol (kl =1)
——Control (k; =0.8) |1

C*(0.4507, 0.6976)

0 0.5 1 15 2 25 0 1 2 3 4
T x

(a) (b)

Figure 11. The effect of parameter-regulated controller on Hopf bifurcation. (a) Stability
changes at 7 = 7, (b) amplitude changes at 7 = 10.

From the ecological point of view, numerical simulations demonstrate that in the absence of a
controller, the positive equilibrium becomes unstable due to delay, triggering a Hopf bifurcation.
However, the unstable equilibrium can be stabilized through the implementation of a linear time-
delayed state feedback controller or a parameter-regulated controller. These findings confirm that
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only time-delayed state feedback controllers or parameter-regulated controllers can effectively suppress
the amplitude of periodic solutions, while significantly expanding its delay-dependent stability range
required for the stability of the predator-prey system.

However, as 7 increases, neither a linear time-delayed state feedback controller nor a parameter-
regulated controller alone can eliminate Hopf bifurcation and restore its stability. For instance, when
7 = 10, we compare waveform plots and phase diagrams under four parameter sets: (ki,k;) =
(1,0),(1,0.01),(0.8,0), and (0.8,0.01) (see Figure 12). Here, (1,0) corresponds to the case without
control, (1,0.01) represents the case of time-delayed state feedback control, (0.8, 0) denotes the case
of parameter regulation, and (0.8,0.01) signifies the case of the hybrid control scheme combining
time-delayed state feedback and parameter regulation. Figure 12 demonstrates that only the hybrid
controller can eliminate Hopf bifurcation when 7 = 10, thereby stabilizing the system.

6 2.5 25
— k1 = 1.00, ks = 0.00 —k; = 1.00, k3 = 0.00 — k1 = 1.00, ks = 0.00
—k; = 0.80, k2 = 0.00 2 —k; = 0.80, k2 = 0.00 2 ——ky = 0.80, k2 = 0.00
k1 = 1.00,k2 = 0.01 k1 = 1.00,k = 0.01 k1 = 1.00,ks = 0.01
4 —Fk1 = 0.80, k2 = 0.01 15 —Fk; = 0.80,ky = 0.01 15 —Fky = 0.80, k2 = 0.01
| : oy
r Y l l Yo
2 | 1] il 1
\ ‘ ‘ : &
MM os N 05 _—
o AR €"(0.4507,0.6976)
0 500 1000 1500 2000 0 500 1000 1500 2000 0 1 2 3 4
t t T

() (b) ()

Figure 12. Waveform plots and phase diagram of model (5.1) with respect to different
parameters k; and k; when 7 = 10. (a) Waveform plot of x, (b) waveform plot of y, (c)
phase diagram.

To further investigate the impact of the hybrid controller on the stability range of delay T,
we select fixed parameters k; = 0.85 and k, = 0.008 and plot the bifurcation diagram of
model (5.1) with respect to 7, as shown in Figure 13. The results demonstrate that as the delay
7 increases, the positive equilibrium C*(0.4507,0.6976) is locally asymptotically stable within the
intervals (0,9.76) U (14.46, 34.06) U (44.16,58.36) U (74.21, 83.01), but is unstable within the intervals
(9.76, 14.46) U (34.06,44.16) U (58.36,74.21) U (83.01, 100]. Hopf bifurcations occur at critical values
Ty =9.76, 7, = 14.46, 71 = 34.06, 7] = 44.16,7; = 58.36,7; = 74.21, and 7§ = 83.01, corresponding
to transitions in stability states.

To elucidate the multiple stability transitions induced by the hybrid controller, waveform plots are
plotted by selecting representative T values from distinct regions of the bifurcation diagram. From
Figure 14, it can be seen that the system exhibits multi-time-scale oscillations: different stability
switching points correspond to different oscillatory modes of model (5.1) (with different periods and
amplitudes). This implies that population fluctuations may not follow a single pattern but instead
exhibit different fluctuation characteristics under different conditions. This indicates that the hybrid
controller not only extends the stability intervals of the system with respect to 7, but also enables
7 itself to function as a stability switch. From a biological perspective, this stability-switching
phenomenon reveals the complexity and fragility of the predator-prey model. This mechanism is the
key intrinsic factor for understanding phenomena, such as the collapse of island populations and the
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periodic outbreaks of agricultural pests, and it also serves as the theoretical foundation for ecological
management through the regulation of delay targets.

T

=1446 7 =44.16 T, =74.21

ogl 7o 446 F =4416 7 =T421 | 1
2 08 y 08
04r
06
. 4
02 7= 34.06 75 =83.01 I P 7
ﬂ:r =9.76 ,f_j’ = 58.36 Ty = 9.76 ff = H&.36 °
0 - — : 0.4 - ; - ;
20 40 60 80 100 0 20 40 60 80 100
T T
(a) (b)

Figure 13. Bifurcation diagrams of model (5.1) with respect to parameter T when k; = 0.85
and k, = 0.008. (a) x, (b) y.
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Figure 14. Waveform plots of model (5.1) with respect to different parameters 7. (a) Stable,
(b) unstable.

Furthermore, when k; = 0.8 and k, = 0.01, taking the delay 7 as the bifurcation parameter, we
predict the stability of the system at positive equilibrium C*(0.4507,0.6976) within the desired delay
range (0, 100], as shown in Figure 15(a). The results indicate that the system maintains stability
throughout the entire interval v € (0,100]. This demonstrates that the Hopf bifurcation presented
in the original system has been eliminated. Through the hybrid control strategy, the originally unstable
state has been transformed into an asymptotically stability state, as shown in Figure 15(b). This implies
that predator and prey can converge to constant values, thereby achieving long-term stability. Thus,
our numerical results effectively validate the accuracy of the theoretical model. This study holds
significant ecological importance, providing quantitative theoretical support for the sustainable state
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of populations in natural ecosystems.
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Figure 15. Bifurcation diagram and phase diagram of model (5.1) with respect to parameters
7. (a) Bifurcation diagram with respect to parameter 7 with k; = 0.8 and k, = 0.01, (b) phase
diagram with different 7.

7. Discussion and conclusions

Wang et al. [4] investigated the impact of the fear effect of predator in a Beddington-DeAngelis
type predator-prey model with prey refuge. They analyzed various bifurcations, including transcritical
bifurcation, saddle-node bifurcation, Hopf bifurcation, and two-dimensional Bogdanov-Takens
bifurcation. In this paper, we mainly focus on Hopf bifurcation and hybrid control strategy in a
predator-prey model with delay. We analyze the conditions and critical values for Hopf bifurcation in
model (1.3) and its controlled model (5.1) from both theoretical and numerical simulation perspectives.

For model (1.3), when the delay exceeds the critical value 6.124, Hopf bifurcation occurs. When
the delay exceeds 8, the prey goes extinct. The predator is sustained by its internal energy reserves
for a brief period but ultimately becomes extinct as well. The results demonstrate that in the delayed
predator-prey model, the self-feedback delay induced by prey competition for resources can regulate
system stability. When employing only a linear time-delayed state feedback controller or a parameter-
regulated controller, not only is the critical value of delay for Hopf bifurcation delayed, but also the
oscillation amplitude of the periodic solutions is effectively suppressed. However, when the delay
is further increased, using solely a linear time-delayed state feedback controller or a parameter-
regulated controller can no longer control the Hopf bifurcation. After implementing a hybrid controller,
the system maintains locally asymptotical stability over a given large range of delay, significantly
extending the global stability region with respect to the delay. This strategy effectively eliminates the
extinction risk driven by delays and achieves a dual stabilization mechanism.

It is noteworthy that the measure of interference of an individual predator is not considered in the
model constructed; then, the response function degenerates into the standard Holling II. Moreover,
if prey refuge, linear harvesting of prey, and nonlinear harvesting of predator are zero, our model
is transformed into the model formulated by Wang et al. [4]. In light of this characteristic, they
considered the cost of fear effect into the reproduction term of prey, proposed the following predator-
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prey model with Holling II, and studied whether fear effect can exert an influence on prey, and to
what extent. If the impact of predator interference intensity on the functional response is neglected,
and harvesting effects on both prey and predator are not considered, our model reduces to the model
proposed in [5]. Zhang et al. [5] demonstrated that fear effect and refuge effect availability can
induce Hopf bifurcation in the system. Given the significant influence of interference intensity on
the functional response, Wang et al. [8] further investigated the model with effects of fear, refuge,
harvesting, and the Beddington-DeAngelis-type functional response and analyzed various bifurcations,
including transcritical bifurcation, saddle-node bifurcation, Hopf bifurcation, and two-dimensional
Bogdanov-Takens bifurcation. Building upon these works, we further examine the regulatory role of
self-feedback delay (induced by competition for environmental resources of prey) on system stability
and address the control of Hopf bifurcation by using a hybrid controller. This study has made two
advancements in the stability of delay system: establishing stability conditions for arbitrary delay
when control gains are unknown, providing a basis for gains selection, and determining the maximum
stable delay interval when gains are known, supporting the introduction of delay by humans to optimize
performance. Consequently, the results are also applicable to the models presented in [4, 5].

In future research, to enhance the model’s practicality, it would be necessary to consider the delayed
growth of prey resulting from the fear effect induced by predators. This factor can be incorporated into
our prey-predator system, namely

dx 1 x(t —12) B —m)xy

— =rx( - - ~ q1Ax,

dr 1+ Ky(t — 1) k ap+ (1 =m)x+y 7.1
dy  pid-mxy 8y — @By '
dt a+(1-mx+y P1g2B + poy’

where 7, is the delay period of the fear effect on plant’s growth, and 7, is the delay of a self-feedback
delay induced by prey competition for resources. Given the effectiveness of hybrid controller in
expanding the stability region of the delayed predator-prey system and reducing extinction risks, a
key focus for future research is addressing its implementation costs. An optimal control function can
be constructed to minimize control costs while ensuring the system’s local stability at the positive
equilibrium (within the desired delay range). This dual-objective optimization aims to achieve both
stability and economic efficiency. Efficiently solving this optimization problem and applying it to
complex ecosystems represents a critical frontier requiring breakthroughs. It demands the development
of innovative methods at the intersection of ecosystem modeling and control theory to address
challenges posed by system complexity, delay effect, and multi-objective trade-offs. We leave this
work to the future.
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